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I. SUMMARY 


The unique configuration of the dual throat thrust chamber posed several 
questions regarding its cooling. NASA-NSFC initiated the dual throat thruster 
thermal model program to ascertain the answers to the questions. 


The major objectives of the program were to (1) develop an analytical 
model of the thrust chamber, (2) design, fabricate, and test hardware to 
determine the heat flux profiles, and (3) update the model as necessary to 
reflect the experimental data. 

A thermal model of the dual throat chamber was developed based on pre- 
vious cold flow and analytical studies. At the same time, a very sophisti- 
cated calorimeter chamber was designed, fabricated, and tested over a broad 
range of conditions. 

The test results for a dual throat thruster burning gaseous oxygen and 
hydrogen at primary (inner) chamber pressures from 380 to 680 psia are 
reviewed in detail in this document. Heat flux profiles were obtained from 
calorimetric cooling channels in the inner nozzle, outer or secondary chamber 
and the tip of the inner nozzle. Data was obtained for two nozzle spacings 
over a chamber pressure ratio (secondary/primary) range of 0.45 to 0.83 with 
both chambers firing (Mode I). Fluxes near the end of the inner nozzle were 
significantly higher than in Mode II when only the inner chamber was fired, 
due to the flow separation and recirculation caused by the back pressure 
imposed by the secondary chamber. As the pressure ratio increased, these heat 
fluxes increased and the region of high heat flux relative to Mode II extended 
farther upstream. The use of a gaseous hydrogen bleed flow in the secondary 
chamber to control heat fluxes in the primary plume attachment region was 
investigated in Mode II testing. A bleed flow of less than two percent of the 
primary chamber flow was required. 
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I, Summary (cont.) 


The basic conclusions from the program are as follows: 

• Heat fluxes during conventional operation of the primary nozzle 
(Mode II) are consistent with data from other applications. Use of 
an enthalpy-based model, rather than the product of temperature 
difference and a frozen specific heat. Is required to predict the 
effect of mixture ratio. 

• During Mode I operation the primary throat Is choked, but the 
primary nozzle is unable to flow full against the high back pres- 
sure imposed by the secondary chamber. Large increases in heat 
flux relative to Mode II observed near the end of the primary 
nozzle are consistent with a twin vortex recirculation pattern in 
the separated region, which Includes the wake region downstream of 
the end of the primary chamber. As the secondary chamber pressure 
Increases, the region of increased heat flux extends farther 
upstream and the perturbation at the end of the nozzle increases. 

• Unsymmetrical heating of the tip of the primary chamber is caused 
by the flow separation in the primary nozzle and the resultant 
recirculation pattern noted above. 

• Secondary chamber heat fluxes during Mode I operation can be pre- 
dicted with the secondary flow stream tube model used herein and 
correlation coefficients consistent with other applications. High 
heat fluxes observed near the swirl coaxial element injector are 
consistent with previous experience. Rapid decreases and increases 
with axial distance of correlation coefficients In the secondary 
nozzle are probably caused by oblique shock waves created by the 
flow separation in the primary nozzle. 
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I, Summary (cont.) 

• Heat fluxes in the secondary throat region during Mode II operation 
are easily limited to values well below Mode I fluxes using small 
bleed flow rates, e.g., two percent of the primary flow for the 
geometry tested. Therefore, primary plume attachment is not a 
thermal design issue. 

• Although the analytical model of Mode II can predict secondary 
nozzle heat fluxes under limited test conditions, it does not 
exhibit the correct sensitivity to bleed flow rate. Additional 
model development is required to account for velocity components 
normal to the wall. A Nash factor of 0.2 in the aerodynamic model 
results in very good prediction of the recirculation region pres- 
sure and its sensitivity to bleed flow rate. 

• The fabrication of the dual throat calorimetric hardware estab- 
lished the feasibility of the assembly of dual thrust chambers by 
conventional means. The problems associated with the calorimetric 
hardware was unique. The basic steps in assembly, however, would 
be similar for a regeneratively cooled dual thrust chamber. The 
problems encountered during assembly indicated alternate procedures 
that will be beneficial for future builds of dual throat chambers. 
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II. INTRODUCTION 


A. BACKGROUND 


The dual -throat engine is one of the major engine system design 
candidates that has been studied for advanced space transportation applica- 
tions. The engine provides a thrust change and an in-flight area ratio change 
through the use of two concentric combustors with two throats in series. As 
shown in Figure 1 both the primary (inner) and the secondary (outer) com- 
bustors are fired simultaneously (parallel burn) in Mode I (sea level) opera- 
tion. The characteristics of Mode I operation are high mass flow (high 
thrust) and low area ratio.. In Mode II, only the primary (inner) gomubstor 
operates. The exhaust plume fom the inner chamber expands through a low area 
ratio nozzle and attaches at the secondary (outer) nozzle throat surface. The 
plume shape and point of attachment to the secondary nozzle are controlled by 
a small bleed flow in the secondary chamber. Operation of the primary (inner) 
combustor alone allows the effective area ratio to be established by the exit 
of the secondary combustor. The resulting large-area-ratio, lower-thrust unit 
is typical of an upper stage engine. This dual-thrust, dual-area-ratio 
feature of the engine provides a vehicle with an optimized thrust trajectory 
for ascent-type missions--high thrust at sea level and low thrust, higher 
performance at altitude. 


The dual -throat thruster can provide dual-mode operation as well by 
using different propellant combinations in each combustor (e.g., LOX/LH 2 in 
the primary and LOX/RP-1 in the secondary chamber). That is, the engine can 
change from high-density propellants in the early flight stages to lower- 
density, higher-performance propellants in the later stages of the flight. 
Potential applications for dual-throat engines range from the space shuttle 
and its derivatives to single-stage-to-orbit (SSTO) vehicles. A typical pre- 
liminary design layout of a dual throat engine burning both LH2 and a high 
density fuel (HDF) such as RP-1 is shown in Figure 2 (Reference 1). An 
artist's sketch of this engine with cutaway showing the dual throat arrange- 
ment is shown in Figure 3. A closeup of the dual throat arrangement from 
Figure 3 is given in Figure 4 to show the relative positioning of the mani- 
folds, injectors, and chambers, and to identify the regions where thermal 
investigation was deemed necessary. 
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II, Introduction (cont.) 


B. PURPOSE AND SCOPE 

The purpose of the program is to develop a thermal model of a dual- 
throat thruster and to acquire experimental data to upgrade the model. The 
results of the program will allow detailed thermal design of dual-throat 
thrusters to identify both cooling feasibility and pressure drops. Such data 
are needed for power balance analyses which must accompany engine designs for 
particular applications. 

C. APPROACH 

To accomplish the program objectives, the following specific tasks 
were conducted according to the schedule of Figure 4a. 

(1) Develop a detailed dual -throat thruster thermal model for use 
in identifying thruster cooling requirements (Figure 5). 

(2) Use the thermal model to examine four different systems, oper- 
ating at different thrust ratios and different chamber pressure ratios 
(Figure 6). 

(3) Design, fabricate, and test subscale hardware to obtain data 
for selected areas identified in Task 2 as having an insufficient data base 
(Figure 7). The three areas that were identified as needing experimental heat 
flux data were: (a) the primary nozzle during Mode I operation with the high 
back pressure imposed by the secondary chamber, (b) the wake region at the tip 
of the primary nozzle in Mode I and (c) the plume attachment region in Mode II 
near the secondary chamber throat (see Figure 4). 

(4) Analyze and correlate the test data, and upgrade the thermal 
model (Figure 8). 
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SECONDARY CHAMBER (PCS) 



^ HIGH SECONDARY FLOW : L0 2 /HYDR0CARB0N (OR LH 2 ) 

COMBUSTION PRODUCTS 



► HIGH PRIMARY FLOW : L0 2 /LH 2 COMBUSTION PRODUCTS 

► LOW BLEED FLOW : GAS GENERATOR OR PREBURNER TAP-OFF FLOW 


Figure 1. Dual-Throat 


Engine Configurations 


and Nomenclature 
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Figure 2 . Dual-Throat Engine 
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Figure 4. Dual-Throat Chamber 


Cutaway and Regions Investigatred 
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Dual Throat Thruster Thermal Model 
NAS 8-34136 
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Figure 4a. Dual Throat Program Schedule 
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III. THERMAL MODEL (TASK I) 


A. OBJECTIVE 


The purpose of this task is to develop a detailed thermal model of 
the dual-throat thruster to be used to describe its cooling requirements. 


The model output will describe the thruster coolant circuits and 
operating characteristics such as coolant passage geometry, coolant veloc- 
ities, temperatures, pressure, density, coolant heat transfer coefficients and 
overall temperature and pressure change. The output shall also describe the 
corresponding hot gas side characteristics and chamber material properties 
including hot wall temperature and heat transfer coefficients. 


B. APPROACH 

The general approach to developing the thermal model is outlined in 
Figure 5. Thermal model development consisted of three efforts: development 
of a simplified model of the primary chamber lip region to replace 2-0 and 3-D 
SINDA models; development of a gas-side boundary condition model for the 
secondary contour during Mode II operation with bleed flow; and consolidation 
of all dual throat model components, except TOE and the aerodynamic bleed flow 
model, into a single thermal analysis computer program. 

Special studies of the lip region were conducted previously. Refer- 
ence 2, using a 3-D SINDA model with a square coolant channel corner. A 2-0 
model with channel curvature but without lands between channels was also 
available from acoustic cavity corner design studies. The purpose of the 
present lip region effort was to develop a simplified analytical model with 
channel curvature which simulates the SINDA network models. Pressure drop and 
coolant bulk temperature rise calculations in the lip studies of Reference R2 
were performed by hand. Therefore, it was necessary to include these calcula- 
tions as well as the simplified wall analysis model in the overall thermal 
analysis computer program. 
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Ill, B, Approach (cont.) 


Previous thermal analyses of the dual throat concept have not con- 
sidered the effects of bleed flow in Mode II. The original study. Refer- 
ence 1, considered only Mode I, since that is the mode which would normally 
define the cooling system. The next study, Reference 2, also considered Mode 
II operation but without bleed flow. As a result, a thermal model of the 
secondary with bleed flow was required. Such a model should include the 
recirculation region and the film cooling effects of the bleed flow downstream 
of the primary plume attachment point. The latter has been developed herein 
by extending the shear layer analysis of the aerodynamic bleed flow model, 
Reference 2, in the form of a wall mixing layer adapted from the ATC gas film 
cooling model of Reference 3. The emphasis in the present model is on nominal 
bleed flow rates which result in the primary exhaust plume creating very weak 
oblique shocks when attaching to the secondary nozzle. 

Previous thermal analyses required a number of computer programs, 
including a boundary layer program to determine the Mode II heat transfer 
coefficients downstream of the primary plume attachment point as well as 
separate programs for the selection of channel depths and the anlaysis of 
specified depth profiles. Therefore, a primary objective of Task I of the 
present contract was to consolidate the various parts of the regenerati ve- 
cooling analyses into a single program and include the above lip region and 
Mode II bleed flow models. This was accomplished by modifying a version of 
the SCALER regenerative-cooling program for conventional chambers, which 
already included the gas film cooling model. A brief discussion of the resul- 
tant program is included herein; a detailed user's manual is provided in 
Reference 4. 
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Ill, Thermal Model (Task I) (cont.) 

C. RESULTS 

1. Lip Region Model 

A simplified lip region thermal model has been developed using 
the coupled fin approach shown in Figure 9 along with corrections for land 
width. The model is symetrical except for different gas-side heat transfer 
coefficients, with the end-wall (wake region) value being specified as a 
fraction of the side-wall coefficient. A uniform coolant heat transfer coef- 
ficient is applied, except for the curvature effect on fins 1A and 2A, with 
the wall temperature dependence based on the average of TWLC and TWL2 (see 
Figure 9). 


Fins 1 and 1A are solved for an effective heat transfer 
coefficient h el at the interface with fin 3. An identical solution for fins 2 
and 2A, but using the wake region hg, yields h e 2 . Fin 3 is oriented with its 
end points at the side wall and the interface with fin 2A; thus h e2 is used as 
a boundary condition while h e -| appears in the fin differential equation. 
Internal resistances included in the fin equations are shown in Figure 9 and 
are used to calculate surface temperatures such as TWGC, TWLC and TWL2 from 
the fin solution temperatures. 

The length of fins 1A and 2A and their internal resistance on 
the coolant side are related to the channel radius of curvature R c . As noted 
on Figure 9, the length plus the additional wall thickness relative to fins 1 
and 2 is equal to the radius of curvature. The total thickness t^ of fins 1A 
and 2A is based on the correlation of Figure 10 developed by simulating 2-D 
SINOA model results. This correlation relates t w ^ to R c and the thickness t w 
of fins 1 and 2; t w is the actual wall thickness adjacent to the channel 
curve. 
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Ill, C, Results (cont.) 

Comparisons of model predictions for cases with no channel 
curvature with results from the 3-D SINDA model of Reference 2 defined cor- 
rections to the two corner temperature predictions to account for land width 
variations. There corrections are shown in Figure 11: the model predicts the 
gas-side corner temperature with no correction for a land width of about 0.050 
in. Two alternate approaches could be developed using the fin model of 
Figure 12 to account for the land perturbation. In one case the channel 
centerline would be insulated and a land correction defined relative to the 
one-dimensional solution with no land. In the other case the solution for the 
heat transfer at the channel centerline for an assumed centerline temperature 
would be used to create transverse heat source terms in the fin equations 
associated with the model of Figure 9. These alternate approaches have the 
advantage of accounting for the effect of channel depth on the land fin effec- 
tiveness. 


The lip region pressure drop includes a turn loss based on the 
higher velocity head, calculated using a specified k-factor, plus a friction 
term based on the length t lip - 2 t w . 

2. Mode II Secondary Model 

A gas-side boundary condition model for the secondary chamber 
during Mode II operation has been developed for the region downstream of the 
primary plume attachment point. As shown schematically in Figure 13, the 
model represents a continuation of the shear layer from the aerodynamic bleed 
flow model in the form of a mixing layer with a wall boundary layer submerged 
within it. The flow in the shear layer outside the "d" streamline forms the 
initial flow in the mixing layer, which accounts for the film cooling effect 
of the bleed flow on the adiabatic wall temperature. The mixing layer model 
was developed from the ATC entrainment film cooling model. Reference 3, and 
predicts axial profiles of the mixture ratio at the wall and the adiabatic 
wall temperature. An integral energy equation model of the thermal boundary 
layer was added to define heat transfer coefficients. Details of these models 
are given in Appendix A. 
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Ill, C, Results (cont.) 


Two-dimensional, finite-difference boundary layer analyses 
were run for the baseline design of Reference 2 using the NASA-Langley com- 
puter program described in References 5 and 6 with Initial profiles from the 
shear layer model. These analyses provided the detailed mixing layer and wall 
heat transfer characteristics which the engineering models developed in this 
task must represent. Two such analyses were made: adiabatic wall and cooled 
wall. Adiabatic wall cases were run for two values of the reference Reynolds 
number to approximate the range of primary chamber pressures of interest in 
Task II. 


3. Consolidated Computer Program Development 

A regenerative-cooling computer program with dual throat 
geometry features was available from the design studies of Reference 2; this 
program has been developed from an early version of the SCALER program for 
conventional chambers. However, subsequent development of SCALER, Including 
addition of the gas film cooling model of Reference 3, had created a program 
which was easier to use, was a much more powerful design tool and Included the 
framework for the new Mode II mixing layer model. Therefore, it was decided 
to use the latest SCALER program as the starting point for the new consoli- 
dated dual throat thermal analysis program. The major modifications required 
were: 


(1) Incorporating the dual throat geometry features from the 
previous program used in Reference 2, 

(2) Adding the special wall analysis at the primary chamber 
exit lip corners, 

(3) Generalizing the film cooling model as defined in Appen- 
dix A to account for the Initial mixing of bleed and primary flows which 
occurs in the shear layer of the aerodynmic bleed flow model. 
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Ill, C, Results (cont.) 


(4) Adding the simplified heat transfer model defined in 
Appendix A for the recirculation region, 

(5) Adding the boundary layer model downstream of the primary 
plume attachment point, and 

(6) Incorporating an analysis option for specified channel 

depth profiles. 


Additional changes provided for greater flexibility in defin- 
ing the starting and termination points for cooling circuit segments and for 
expanded diagnostic output after convergence failures. 

Features included in the program as a result of its derivation 
from the latest SCALER include the following: 

(1) Channel layouts may be specified or calculated internally 
based on constraints on channel aspect ratio, coolant mass velocity or fric- 
tion pressure gradient, 

(2) A wall strength check, with the wall thickness increased 

as needed, 

(3) Axial increment subdivision in the event of convergence 

failure. 


A detailed user's manual for the thermal analysis program is 
included in Reference 4. 
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Perturbations in the LIP Corner Model 
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Figure 13. Mode II Thermal Model is a Continuation of the Aerodynamic Bleed 
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IV. DATA ACQUISITION 


A. OBJECTIVES 

The objective of this task was to design, fabricate, and test 
experimental dual throat hardware to provide the data base for tuning the 
thermal model. Because full scale hardware was beyond the scope of the pro- 
gram, an additional objective was to provide the scaling rationale that justi- 
fied the selected low thrust and reduced chamber pressure test conditions. 

B. APPROACH 

The approach for this task is summarized in Figure 7. The approach 
includes the following subtasks: 

(1) Test Apparatus concept selection. 

(2) Scaling procedure selection. 

(3) Geometry definition. 

(4) Thruster design (preliminary and detail). 

(5) Test hardware manufacture. 

(6) Test planning/test stand preparation. 

(7) Hardware assembly and installation. 

(8) Hardware/Test stand flow calibration. 

(9) Hot fire test program. 

(10) Data reduction. 

C. RESULTS 

,1. Test Apparatus Concept Selection 

The axisymmetric bipropellant dual-throat thruster assembly, 
shown in Figures 14 and 15, was selected after detailed examination of several 
candidate concepts. These alternates included larger-scale calorimeter cham- 
bers and non- axisymmetric (2-D) thrusters. Both bipropellant gas 


RPT/BB0216 


26 



IV, C, Results (cont.) 


generation and the use of hot gas (e.g., heated N2) were considered. 

H2-cooled, water-cooled, and uncooled combustion chambers were examined. The 
larger scale chambers were rejected for cost considerations. Uncertainties in 
the interpretation of aerodynamic and thermal data from 2-0 chambers led to 
their rejection. 


The study concluded that the configuration shown in Figure 14 
offered the best flexibility, lowest costs and the minimum risk since all of 
its components are based upon successful results with previously tested 
hardware. The design readily allowed for changes in chamber-to-chamber 
length. 


The selected apparatus utilized a gaseous oxygen/gaseous 
hydrogen injector to avoid the exponential delta P that results from liquid 
propellant injection. Ignition of the primary chamber was accomplished with a 
hydrogen/oxygen torch igniter. The secondary chamber was back- lighted by hot 
primary gases. 


The injector geometry included resonator cavities for dynamic 
stability and tuning blocks to modify the cavity size as required. No modifi- 
cation of the cavities were needed during the test series. 

Circular calorimetric coolant passage geometry was utilized to 
obtain heat flux data versus axial station. The coolant passage design was 
selected to allow sufficient coolant temperature rise during the tests. The 
coolant flow rate was modified in any circuit by changing its orifice size. 
Because conduction between axial passages could obscure temperature data, the 
passages were through a low conductivity material core. 

2. Scaling Procedure Selection 

Similarity parameters conventionally utilized for heat trans- 
fer scaling were applied to predict the range of scaling allowed by the test 
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IV, C, Results (cont.) 


parameters. For example, the turbulent boundary layer conditions in the 
primary chamber nozzle dictated the lower limit in chamber pressure that would 
provide scalable test data. Experimental data indicate a freestream Reynolds 
number of about 600,000 to be the lower limit of the turbulent regime, which 
corresponds to a film Reynolds number of 1.3 x 10^. These criteria were 
converted to a thrust-chamber pressure (F X PC) product at a given mixture 
ratio and expansion area ratio. (See Figure 17). 

The similarity criteria indicated the need for a large chamber 
pressure variation in order to maximize the Reynolds number variation for 
scaling. It was also necessary to operate the test hardware over a wide range 
of mixture ratio in order to obtain a large gas property (gamma, etc.) range 
to simulate dual fuel gas properties. 

3. Geometry Definition 

The design point operating characteristics of the dual throat 
thruster are given in Table I. The nominal sea level thrust for mode I is 
5000 LBF, with the secondary stream tube contributing 70% of the thrust. The 
vacuum thrust ratio (F1/F2) is just under 3:1. Mode II testing was conducted 
at sea level conditions at a thrust level of 1500 Ibf. 

The dimensions of the test unit were established from aerody- 
namic (aerodynamic model), thermal (thermal model), and fabrication (mechani- 
cal design) considerations. The test unit geometry is shown in the schematic 
of Figure 16. 


a. Design Point Selection 

Relative sizing of the two chambers was based on providing 70 
percent of the Mode I thrust from the secondary at a pressure ratio (secon- 
dary/primary) of 0.7. Primary throat diameter selection was based on provid- 
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TABLE I 


BASELINE DESIGN FOR SIZING TEST HARDWARE 


* * * Dual Throat Engine Performance Model * * * 


Mode 1 - Parallel Mode 2 (Conventional Nozzle) 

Primary Chamber Secondary Chamber 

Stream Tube Mass Averaged 


Propel lants 

02/H2 

02 /H2 


02/H2 

Thrust (Sea Level), LBF 

1512.7 

3487.3 TOTAL = 

5000.0 

- 1 

Thrust (Vacuum), LBF 

1613.3 

3719.3 TOTAL * 

5332.6 

2013.1 

Per Cent Thrust 

30.3 

69.7 



PC, PS I A 

349.9 EFFECTIVE 

350.0 


500.0 

O/F 

7.0 

7.0 


7.0 

Gamma 

1.197 

1.198 


1.197 

Nozzle Exit Pressure, PSIA 

40.00 

40.000 



Nozzle Area Ratio 

2.08 

2.08 

2.08 

9.77 

00 E ISP (Sea Level), Sec 

310.9 

310.9 

310.9 


ODE ISP (Vacuum), Sec 

330.5 

330.5 

330.5 

403.3 

Divergence Efficiency 

.9842 

.9842 


.9990 

Kinetics Efficiency 

.9767 

.9796 


.9854 

Energy Release Efficiency 

.9900 

.9900 


.9900 

Boundary Layer Loss, Sec 


1.3 


1.8 

Delivered ISP (Sea Level), Sec 

294.9 

294.6 

294.7 


Delivered ISP (Vacuum), Sec 

314.5 

314.1 

314.3 

392.4 

ISP Efficiency (Sea Level) 

.9486 

.9475 

.9478 


ISP Efficiency (Vacuum) 

.9516 

.9506 

.9509 

.9731 

C-Star, Ft/Sec 

7232.5 

7232.6 


7263.0 

Fuel Flow Rate, LBM/Sec 

.6 

1.5 


.6 

Oxidizer Flow Rate, LBM/Sec 

4.5 

10.4 


4.5 

Total Flow Rate, LBM/Sec 

5.1 

11.8 

17.0 

5.1 

Throat Radius, In. 

1.02 

1.56 

1.86 

.86 

Throat Area, IN2 

3.30 

7.60 

10.90 

2.32 

Per Cent Bel 1 



100.0 

127.9 

X/RT 



1.6 

10.2 

Nozzle Length, In. 



3.1 

8.7 

Mode 1 to Mode 2 Thrust Split « 2.649 




Primary Nozzle Area Ratio * 2.615 





Secondary Nozzle Convergence Length 

- 3.673 




Secondary Contraction Ratio * 3.346 
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IV, C, Results (cont.) 


ing a maximum primary chamber pressure range in order to provide for extrapo- 
lation of the resultant test data to prototype Reynolds numbers. This selec- 
tion was constrained by the following factors, which are illustrated in Figure 
17 for water-cooled OFHC walls with 0 2 /H 2 propellants: 

(1) Maintaining turbulent flow in the throat region of the 
primary chamber, which requires a film Reynolds number 
(based on diameter) of 1.3 x 10 6 or higher. 

(2) Providing 6 sec test durations with existing water tank 
capacity. 

(3) Limiting the primary chamber pressure to provide adequate 
cooling with the available tank pressure of 3300 psia and 
minimizing extrapolation of the data base for the pro- 
posed injector design. 

(4) Providing adequate heat flux measurement resolution 
without resorting to very small channel widths (minimum 
hardware size limit). 

These considerations resulted in selection of a maximum pri- 
mary chamber pressure of 850 psia and a thruster size which would produce 8500 
lbf thrust at that pressure. All design studies assumed a mixture ratio of 
5.0, which results in the maximum heat flux, and were limited to the nominal 
nozzle spacing of 2.5 in. At the design pressure ratio and nozzle spacing, 
operation at a primary Pc of 1000 psia is possible at mixture ratios below 3.0 
in order to maximize the Reynolds number. 

4. Thruster Design (Preliminary and Detail) 

The design and analytic processes required to complete the 
design of the dual-throat thruster hardware included a variety of activities 
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IV, C, Results (cont.) 


which had considerable interaction. The activities are necessarily doubled 
because of the dual-throat thruster with its coaxial injector-chamber arrange- 
ment. Preliminary design activities allowed the development of an analytic- 
ally supported design layout of the test thruster. Detailed thermal design of 
the thruster followed to finalize the coolant circuitry details. 

a. Primary Injector Design 

The primary injector design was based on prior Aerojet 
experience obtained on three different 02/H2 injector programs (References 
7-9). The GO 2 /GH 2 injector design was selected because of: (1) the gas-gas 

system's broader range of operating conditions, (2) the elimination of time- 
consuming chill-down operations between tests, and (3) the improved stability 
characteristics for off-design conditions. 

Details of the primary injector design are given in 
Appendix E. Primary injector fuel platelet and oxidizer platelet assemblies 
are given in Appendix E. The injector utilizes swirl co-axial elements 
similar to those used in Reference 7. 

The faceplate of the primary injector was electron-beam 
welded to the injector body at its periphery and near its center. Resonator 
cavities located at the periphery of the injector were milled into the injec- 
tor bodies. Cavity inserts (not needed during testing) could be attached by 
bolting to the ceiling of the cavities to allow the resonators to be tuned. 

The fuel inlet torus surrounding each injector resonator 
was designed for constant flow velocity. Fuel distribution holes were spaced 
circumferentially midway between the outer row of coaxial elements. The fuel 
manifolds were bounded by the faceplate and injector body. 

The oxidizer manifold of the primary combustor was 
located on the backside of the injector surrounding the torch igniter port. 
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IV, C, Results (cont.) 


The oxidizer tubes were recessed approximately one tube diameter into the 
faceplate and were held concentric within the fuel discharge orifice by tabs 
integral with the faceplate. The oxidizer tubes were brazed into the injector 
body. Gaseous oxygen entered the oxidizer tubes tangentially to form a hollow 
cone spray as it ejected from the tube into the surrounding GH2. The tangen- 
tial oxidizer flow was established by means of flow passages located in a 
stack of photoetched and bonded steel platelets which were located immediatley 
upstream of the tube inlets. The oxidizer manifold of the primary injector 
was created by electron-beam welding the outside diameter of the closure plate 
to the injector body and by brazing the central portion of the closure plate 
which contains the igniter chamber. 

The fuel manifold was machined from the face side of the 
injector body. The fuel entered the manifold from equally spaced radial 
drilled bleed holes which match the number of injection elements in the outer 
most row. The primary injector was joined to the combustor by 12 bolts which 
passed through the primary chamber flange into the secondary injector oxidizer 
cover plate. 


b. Secondary Injector Design 

The secondary injector utilized co-axial elements similar 
to the primary injector. The secondary injector design details are shown in 
Figures in Appendix E and the injector fuel and oxidizer platelet assembly 
details are given in Appendix E. 

The design details, manufacture, and assembly of the 
secondary injector were similar to those given for the primary injector. Back 
lighting of the secondary combustor from the primary combustor eliminated the 
need for a separate secondary ignitor. 
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IV, C, Results (cont.) 


c. Thrust Chamber Design 

The thrust chamber design process proved to be very 
complicated. There were double the usual injector-chamber interfaces and 
there were interfaces between the chambers themselves. The most complicated 
design involved the coolant circuits of the primary chamber. Because the 
primary chamber was cantilevered inside the secondary chamber, coolant cir- 
cuits had to be fed axially down the chamber barrel. 

Both the primary and secondary combustion chambers were 
water-cooled and featured calorimetric circuits over their convergent-diver- 
gent nozzles. The circuits of the secondary combustor nozzle were arrayed on 
the internal diameter, while the wall of the primary combustor had coolant 
passages on both internal and outside diameters. The overall arrangement of 
the two chambers is shown in Figure 14. 

Three types of water-cooling circuits were utilized in 
the chamber designs as illustrated in Figure 18. Type A were circumferential 
circuits for the local heat flux measurement in which a number of segments 
flow in series. Bulk temperatures were measured at the crossovers between 
segments, each of which consisted of 1 to 3 channels in parallel. A bulk 
temperature rise of at least 50 degrees fahrenheit was desired for each seg- 
ment to assure heat load measurement accuracy. These circuits were located in 
three regions as shown in Figure 18: (1) primary chamber from just upstream 

of the throat to the end of the nozzle, (2) primary chamber exit lip, and (3) 
secondary chamber from the mode 2 impingment location farthest upstream to a 
point downstream of the throat. 


Type B were circumferential circuits in which a larger 
number of channels flow in parallel. These circuits cooled the remainder of 
the secondary chamber (outer wall) and provided a gross heat load measurement 
over a relatively large axial section. 


RPT/BB0216 


33 


IV, C, Results (cont.) 


Type C were axial circuits in which multiple channels 
flowed in parallel. These circuits cooled the remainder of the primary nozzle 
and most of the outer wall of the primary chamber (inner wall of the secondary 
chamber) . 


(1) Primary Chamber 

The coolant circuitry for the primary chamber is 
given in Figure 19. The circuitry was designed for finer flux resolution in 
the areas of thermal interest. These are the internal diameter and tip of the 
primary nozzle and are numbered for easy reference in Figure 20. 

The channels in the tip (or lip) region of the 
primary nozzle were at each corner and in the center of the downstream (wake 
region) surface. In addition, small channels were provided just upstream on 
both the primary and secondary surfaces to obtain side wall heat fluxes for 
use in partitioning the corner channel heat loads into side wall and wake wall 
components. Each bulk temperature rise segment in the primary nozzle and lip 
was a separate circuit. 


The cross section of circuit no. 2 in the primary 
chamber is shown in Figure 21. Cross sections of circuitsno. 2 and 3 in 
Figure 22 illustrate the inlet and outlet feed channel to the circuits. 

The surfaces which were exposed to the combustion 
processes were made from OFHC copper. The water passages were mostly circum- 
ferential, providing axial flux distribution data and allowing fabrication by 
turning rather than milling operations. 

Detail drawings of the primary chamber assembly are 
given in Appendix E. Drawings for the primary chamber lip platelet section 
are given in Appendix E. A discussion of these components and their assembly 
will be given in the section on test hardware manufacture. 
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IV, C, Results (cont.) 


Thermal analyses of the primary chamber axial chan- 
nels (which cooled the inner and outer surfaces) and the size required for the 
feed holes for the calorimeter channels dictated a chamber wall thickness of 
0.78 in. The wall cross-section data are given in Table II. 

Hydraulic analysis of the water cooling circuits of 
the primary chamber indicated a chamber pressure limit of about 850 psia using 
the channel geometry values shown in Table III and the assumption that the 
cooling circuits would be or if iced to maintain a minimum static pressure of 
1000 psia. Results of the hydraulic pressure drop analysis are summarized in 
Table IV for eight of the twelve primary chamber calorimeter circuits and the 
axial coolant circuit. The analysis (1) the defined maximum pressure drop 
(Delta P) expected (i.e., the maximum supply pressure required for testing), 
(2) determined the areas of minimum and maximum static pressure in the cooling 
channels for subcooling and strength conditions, and (3) determined the areas 
of potential flow separation considered undesirable for heat transfer. 

As a result of the analysis, it was recommended that 
the inlets to the EDM channels be chamferred to avoid flow discontinuities. 

A thermal analysis was performed to finalize the 
primary chamber channel dimensions and the coolant flowrates. The thermal 
design considerations are summarized in Table V. The number of cooling cir- 
cuits and temperature measurements, and the maximum coolant flow for each 
component of the dual -throat system are summarized in Table VI. 

Thermal design data for the primary chamber axial 
circuit are given in Table VII. The thermal data for the primary chamber 
channels are given in Tables III and VIII. The wall strength margins of the 
primary chamber are presented in Table IX. 
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TABLE II 


PRIMARY CHAMBER WALL CROSS-SECTION 


Inner wall (Cu) 

.055 

in. 



Inner channel 

.170 




Steel wall 

.050 




Calorimeter feed holes 

.250 




Steel wall 

.050 


feed 

.100 

Outer channel 

.125 


channels 

.075 

Outer wal 1 (Cu) 

.080 




Wall thickness 

.780 

in. 




coolant 
channel s 
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TABLE III 

PRIMARY CHAMBER CALORIMETER CIRCUIT GEOMETRY/THERMAL DATA 



Channel 

Land 

Channel 

Flow 

a, b 

Circuit 

Width 

Width 

Depth (Avg) 

Lb/Sec 

°F 

1 

0.0625 ± 0.003 

0.078 

0.047 ± 0.005 

1.13 

50 


0.0625 ± 0.003 

0.078 



50 

2 

0.0625 ± 0.003 

0.078 

0.046 

0.55 

50 

3 

0.0625 ± 0.003 

0.078 

0.048 

1.13 

50 


0.0625 ± 0.003 

0.088 



50 

4 

0.0625 ± 0.003 

0.098 

0.055 

1.26 

50 


0.0625 ± 0.003 

0.108 



50 

5 

0.0625 ± 0.003 

0.118 

0.060 

1.35 

50 


0.0625 ± 0.003 

0.118 



50 

6 

0.0625 ± 0.003 

0.118 

0.065 

1.35 

50 


0.0625 ± 0.003 

0.128 



50 

7 

0.0625 ± 0.003 

0.130 

0.070 

1.34 

50 


0.0625 ± 0.003 

0.120 



50 

8 

0.080 


0.053 ± 0.003 

0.58 

54 



0.080 




9 

0.040 


0.077 

0.63 

61 



0.098 




10 

0.040 


0.077 

0.30 

89 



0.098 




11 

0.040 


0.077 

0.59 

73 



0.080 




12 

0.080 


0.053 

0.45 

82 


0.120 
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SUMMARY OF HYDRAULICS ANALYSIS RESULTS 
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2361 1949/1555 maximum static pressure. Possibil ity of 

2180 1812/1456 cored flow in the channels. 

2129 1703/1404 



TABLE V 


THERMAL DESIGN CONSIDERATIONS 


Design Points 

Pc = 850/595 0/F = 5 

Pc = 1000/700 0/F = 2 

Bulk Temperature Rise > 50°F in Calorimeter Circuits 
Burnout Safety Factor >_ 2.01 

= 1.25 (Correlation data scatter) 

x 1.15 (Operating point and dimensional tolerances, 
except channel dimensions) 

x 1.40 (hg uncertainty allowance) 

Wall Temperature < 900°F (750°F in barrels) 


Wall Strength 

w + 0.003 

t - 0.005 - 

w 


( 2 F 


0.5 


\ P ch 


t 1 


F. for coarse grain OFHC 


Coolant Static Pressure > 1000 psia 



TABLE VI 

DUAL-THROAT COOLING SYSTEM SUMMARY 



No. 

Circuits 

No. AT b 
Measurements 

Maximum Coolant 
Flow, lb/sec 

Primary-Axial 

1 

1 

26.66 

Primary-Calorimeter 

12 

12 

10.66 

Secondary Chamber 

13 

18 

36.49 

Secondary Spacers 

2 

2 

7.82 

Total 

28 

33 

81.63* 


*Maximum flow testing will probably be with a single spacer, 
.’. Maximum flow = 77.72 Ib/sec 
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TABLE VII 


PRIMARY CHAMBER AXIAL CIRCUIT DESIGN SUMMARY 


No. of Channels 
Wall Thickness, in. 
Channel Width, in. 

Land Width, in. 

Channel Depth, in. 
Minimum Velocity, ft/sec 
Wall Temperature, °F 

»V ” F 

2 

Heat Flux, Btu/in. -sec 
Gas-Side 
Coolant-Side 

BOSF* 


Inside 


Barrel 

EDM 

36 

36 

0.055 

0.050 

0.09375 

0.077 

0.189 

0.101 

0.170 

0.134 

101 

155 

705 

915 

24 

11 

16.2 

32.2 

18.1 

32.0 

2.23 

2.05 

Coolant Flow: 26. 

7 lb/sec 


Outside 


Barrel 

EDM 

72 

72 

0.080 

0.075 

0.125 

0.100 Dia 

0.072 

0.051 

0.081 

- 

78 

99 

769 

722 

17 

11 

12.4 

17.0 

17.6 

14.7 

2.04 

2.95 


* Burnout Safety Factor 


41 


TABLE VIII 


PRIMARY CHAMBER CHANNEL DESIGN SUMMARY 


Channel 

Heat 

Gas-Side 

Btu/in. 

Flux 

Coolant-Side 
.2- sec 

Wall 

Temperature, 

°F 

Minimum 

Velocity, 

ft/sec 

BOSF 

EDM Annulus 

28.9 

32.3 

928 

155 

2.01 

1A 

32.3 

37.6 

882 

192 

1.99 

IB, 2, 3A 

34.5 

36.7 

886 

191 

2.02 

4B 

32.5 

36.4 

897 

187 

1.99 

5A 

31.1 

35.8 

892 

184 

2.00 

6A 

28.5 

33.5 

861 

171 

1.99 

7 A 

26.0 

31.3 

825 

158 

1.99 

8 

24.5 

27.7 

767 

151 

2.13 

9 

22.0 

42.6 

913 

230 

2.01 

10 

18.5 

19.4 

658 

108 

2.06 

11 

18.4 

38.9 

832 

213 

2.02 

12 

17.5 

22.0 

780 

118 

2.01 

EDM Transition 

17.0 

16.4 

731 

78 

2.04 

Primary Exit 

8.0 

13.4 

772 

101 

2.98 


* Burnout Safety Factor 
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TABLE IX 


PRIMARY CHAMBER WALL STRENGTH MARGINS 


Coolant Pressures, psia 
Allowable Predicted 


Axial 

Outer Barrel 
Outer EDM 
Inner EDM 
Inner Barrel 

Calorimeter 

8, 12 

9 

10 
11 


2780 2353 
2500 2278 
2390 1721 
2280 1066 


2570 * 

2600 2228/2536 

2730 

2640 


*Based on minimum wall section 
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IV, C, Results (cont.) 


( 2 ) Secondary Chamber 

The coolant circuitry for the secondary chamber is 
shown in Figure 23 and the relative position of primary to secondary circuits 
is shown in Figure 23A. The flowrates, coolant temperature rise, and channel 
depths for the secondary chamber are given in Table X. Th coolant channel and 
wall thickness criteria from the thermal and structures analysis are given in 
Table XI. 


The supply pressures required for each circuit of 
the secondary chamber are listed in Table XII. The minimum static pressure 
assumed for the calorimeter channels is 1000 psia, based on subcooling crite- 
ria. The supply pressures were calculated at the inlet to a six inch long 
feed tube into the chamber. 

Secondary chamber assembly drawings are shown in 
Appendix E. A drawing of the L' spacer is depicted in Appendix E. 

5. Test Hardware Manufacture 


To accomplish the goals of the program it was necessary to 
build both an operating dual thrust chamber and a data gathering instrument 
into the same unit. The two functions compounded the already complex design 
and the fabricabi 1 ity of the thrust chamber assemblies (Reference 10). The 
driving design factors, the major problems encountered, and the repairs that 
resulted in a deliverable test thruster are summarized in this section. 

The cutaway drawing that illustrates the general arrangement 
of the bolt-together assembly of the dual throat thruster is shown in 
Figure 14. The manufacturing process consisted of precision machining and 
state-of-the-art brazing. There were five major assemblies in the order of 
decreasing complexity: primary chamber, secondary chamber, primary injector, 

secondary injector, and L 1 rings. 
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TABLE X 


SECONDARY CHAMBER CIRCUITS 


Channel s 


Coolant 

Flow, 

AT. 

b. 

Smaller 

Channel 

Depth, 

i Parallel 

Circuit 

lb/sec 

°F 

in. 

Spacer 


3,91 

75 

0.150 

1-3 

1A 

5.75 

55 

0.155 

4-6 

IB 


50 

0.195 

7-9 

2B 

5.09 

50 

0.200 

10-12 

2A 


50 

0.190 

13-14 

3B 

2.41 

50 

0.095 

15-16 

3A 


52 

0.105 

17-18 

4 

2.66 

50 

0.090 

19-20 

5 

2.64 

50 

0.083 

21-22 

6 

2.43 

50 

0.077 

23-24 

7 

2.26 

50 

0.081 

25-26 

8 

2.18 

50 

0.083 

27-28 

9 

2.15 

50 

0.080 

29-30 

10 

2.05 

50 

0.090 

31-32 

11 

2.15 

50 

0.090 

33-34 

12A 

2.43 

53 

0.121 

35-36 

12B 


50 

0.106 

37-38 

13B 

2.29 

50 

0.112 

39-40 

13A 


56 

0.092 
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TABLE XI 


SECONDARY CHAMBER GEOMETRY 


Channel s 

Wall 

Thickness , 
in. 

Channel 

Width, 

in. 

Land 

Width 

in. 

5 




0.180 

Maximum 

1-5 

0.075 

0.125 

0.180 





0.170 


6 

0.075 

0.125 

- 





0.150 


7-12 

0.060 

0.094 

0.150 





0.070 


13-32 

0.060 

0.094 

0.070 





0.133 


33-40 

0.060 

0.094 

0.133 





0.153 





0.200 

Maximum 

Spacer 

0.075 

0.125 (2) 

0.350 



0.200 Maximum 



TABLE XII 


REQUIRED SUPPLY PRESSURES 


FOR SECONDARY CHAMBER CIRCUITS 


Circuit 


Supply Pressure (Psia) 


1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 


2785 

2720 

2560 

2130 

2180 

2500 

2100 

2010 

1950 

1770 

1870 

2930 

2340 
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IV, C, Results (cont.) 


The chamber designs, with their complex passages and details 
of assembly, did not offer many joining alternatives. Electron beam welding 
(EBW) was utilized for the circular butt welds very effectively. The long 
cylindrical and inaccessible internal joints could only be brazed. Because of 
the nature of the designs, it was necessary to go through several sequential 
braze cycles in order to build up the assemblies. Nickel-gold braze alloys of 
varying composition were selected to allow decreasing brazing temperatures 
during subsequent subassemblies. 

a. Primary Chamber (Drawing 1194055) 

The primary combustion chamber (see Appendix E) was a 
complex bimetallic brazed assembly that was internally cooled. It was 
designed to gather calorimetric data. Both the inner and outer copper sur- 
faces were contoured. The inside has a typical converging/diverging configu- 
ration and the external surface was complimentary to the contour of the sec- 
ondary chamber. The internal configuration included longitudinal slots and 
deep drilled holes that were the supply passages for the water cooling and the 
calormetric circuits. These circuits provided for gathering data from the 
throat area to the nozzle tip via circumferential grooves in the inner liner 
and a brazed-on copper photoetched platelet bonded nozzle tip. 

Because of the uniformity required for accurate data 
gathering, the precise fitup required for brazing, and the exact clocking 
required for line-up of the passages during the heat shrink assemblies, the 
unit became a precise instrument. Figures 24, 25, 26 illustrate the assembly 
process. 


(1) Liner Ring -9 Assembly 

The inner liner consisted of the OFHC copper core 
with CRES 304L split rings brazed into the calorimetric circuit grooves in the 
throat and nozzle. Only half of the taper bottom grooves, shown in Figure 63, 
were machined at a time and their respective split rings brazed into place. 
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IV, C, Results (cont.) 


This procedure rigidified the part so the cycle could be repeated for the 
other half of the grooves and rings. Figure 27 also shows the 36 feed slots 
or channels that were formed in the inner liner by the EDM process. 

(2) Liner Core -19 Assembly 

The liner core assembly consisted of the copper 
outer liner and the two CRES 304L core (forward and aft) members. Figures 28 
and 29 show the components prior to assembly, and Figure 30 is a sketch of the 
assembly sequence. 


The forward and aft cores acted as internal stiff- 
ening members to the two copper liners. The most difficult operation was the 
drilling of the 24 .25-in. dia. by 6-in. deep calorimeter feed holes with a 
true position tolerance of .005 dia. over their entire lengths. The holes 
were gun drilled and the tolerances were met. 

The radial slots in the forward core (see Figures 28 
and 29) were to feed the aft core slots, which in turn were to feed the calo- 
rimetric grooves of the inner liner. Because of the precise clocking required 
during heat shrink assembly, the special tool shown in Figure 30 was utilized. 

(3) Liner Ring/Liner Core -29 Assembly 

This assembly match machined the -9 liner ring 
assembly and the -19 liner core assembly and brazed them together. Figure 31 
shows the assembly and the sequence of using a long guide pin to orient the 
inner liner. This brazing operation represented the third braze cycle the 
unit had experienced. 


(4) Liner Platelet -39 Assembly 

A copper platelet stack (Figure 32) with photoetched 
cooling circuits for the primary nozzle lip was diffusion bonded and prepared 
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IV, C, Results (cont.) 


for assembly to the unit shown in Figure 33. Figure 34 shows the unit after 
assembly and Figure 35 is a schematic sketch of the assembly. 

Upon completion of this assembly, the unit had been 
through 6 cycles of brazing temperatures. A proof test was performed on the 
unit at this point to check the integrity of the brazes. The outer liner 
failed indicating that the braze had been degraded or that the liner had never 
been satisfactorily brazed. A portion of the outer liner was machined off and 
a flanged copper sleeve was brazed to the unit for repair (Fig. 37). 

(5) Final Machine -49 Assembly 

The inside and outside diameter contours of the 
primary chamber were tracer turned and 48 feed tubes were brazed to the unit 
as shown in Figure 36. The chamber was traced from both ends to machine the 
internal configuration. The outside diameter taper was changed from 20 to 23 
degrees in order to add length to the copper to copper repair joint line of 
the sleeve and cylinder. Figure 37 shows the final configuration and the 
deviation. The final unit had experienced 10 brazing cycles. 

(6) Final Proof and Leak Test 

When the primary chamber assembly was subjected to a 
proof pressure check at 1200 psig small leaks were found at the flange repair 
joint and at the inner liner forward cone joint. It was decided not to risk 
any more braze cycles with the unit, especially since the wall thickness was 
now at its minimum (. 078-in.) and would contribute very little to the struc- 
tural strength during brazing. The leaks were closed by peening to allow 
completion of the 1200 psig test. 

A cursory gaseous nitrogen leak check on the unit 
indicated cross talk between the calorimeter circuits. Water calibration 
tests showed that circuits 5 and 6 (Figure 20) had an excessive internal 
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IV, C, Results (cont.) 


leak. A review of the drawing dimensions showed that circuit 6 had a .022-in. 
built-in gap if all dimensions were nominal, as shown in Figure 38. No such 
gap was designed into circuit 5 so it was assumed that there was a continuous 
gap between the two CRES core sections. It was believed that the internal 
leakage would cause some problems in interpreting the test data, but that the 
leakage could be accounted for. This assumption proved to be correct. 

b. Secondary Chamber (Drawing 1194060) 

The secondary (or outer) chamber was a 40 groove 
copper chamber brazed into a CRES 304 outer liner with 26 inlet/outlet tubes 
and several instrumentation ports. Figure 39 is a sketch of the completed 
unit. 


A minimum of four brazing cycles were required to 
assemble the chamber. As with the primary chamber, the internal diameter 
contour was tracer turned in the final machining operation. 

(1) Core 

With 40 grooves in the core, many of the lands 
were only .038-in. thick and could be easily distorted. Therefore, they were 
machined in 3 cycles to maintain maximum body strength. The three machining 
and brazing cycles shown in Figure 40 were as follows: (1) machine approxi- 

mately one half of the grooves and braze the appropriate split rings as shown 
in Figure 41, (2) machine all but the grooves at the ends of the inserts and 
braze the appropriate split rings, (3) machine the slots and grooves for the 
inserts and braze the inserts. 


The core was final match machined on the out- 
side diameter for insertion into the outer liner. Photographs of the core 
before and after machining are given in Figures 42 and 43. 
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IV, C, Results (cont.) 


(2) Outer Liner 

The outer liner was roughed out, finish turned 
on the outside diameter, and then semi-finished on the inside diameter from a 
CRES 304L billet. The tubing sockets and instrumentation ports were milled at 
location and the shaped recesses in the ID were EDM'd to design. The liner 
and tubes were brazed at a temperature that also served to anneal the part. 

The ID was then machined to join with the core. 

(3) Assembly and Final Machining 

The liner was heated to 500 degrees F and the core 
was frozen to -320 degrees F in liquid nitrogen for assembly. The part was 
brazed at 1800 degrees F. The I.D. of the chamber was contoured in a tracer 
lathe from both ends. Because of one deep groove mistakenly machined into the 
hardware, the contour was made to the lowest possible dimension. Therefore, 
the forward, aft, and throat diameters are .010-in. less than the nominal 
dimension. The finished secondary chamber is shown in Figure 44. 

(4) Proof Test and Leak Check 

The secondary chamber passed a proof pressure test 
with 1200 psig gaseous nitrogen. Water flow of the circuits indicated a small 
amount of cross-talk in the throat circuits. 

c. Primary Injector (Drawing 1194044) 

The primary injector was a coaxial type design with 
42 .312-in. dia oxidizer swirler tubes passing through the fuel manifold and 
platelet stack. An oxidizer platelet stack was also used to induce swirling 
in the oxidizer tubes. The injector had 12 pocket tuneable acoustical cavi- 
ties surrounding the face plate. Figures 45-47 present sketches and photo- 
graphs of the assembly. 
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IV, C, Results (cont.) 


Copper brazing was used to join the body, swirler 
tubes, and the fuel face stack. The oxidizer and fuel covers were E.B. welded 
in place and the fuel inlet tube was tig weld assembled. 

Because of the similarity of the primary and second- 
ary injector platelet stacks the art work was made so that both stacks would 
be photoetched and diffusion bonded as a single stack. A photograph of the 
machined oxidizer stacks are given in Figure 48. After the stack was match 
machined to the strongback dimensions, the stack was bonded to the strongback. 

Final machining consisted of finishing the face side 
and machining the igniter port. A backflush cleaning was performed and the 
part was sent to the test area for assembly. 

d. Secondary Injector (Drawing 1194060) 

The secondary injector was coaxial and similar to 
the primary injector except for the annual shape. It had 126 brazed swirler 
tubes, swirler platelet stack, and fuel face plate similar to the primary 
injector. The same brazing techniques were used as with the primary. 

Photographs of the secondary injector in various 
stages of assembly are given in Figures 49-53. 

e. L' Spacer Ring (Drawing 1194058) 

There were two L 1 rings made to allow adjustment of 
the primary to secondary nozzle spacing. The assembly consisted of a CRES 
304L outer ring and a grooved copper inner ring. Photographs of the brazed 
rings are given in Figure 54. 
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IV, C, Results (cont.) 


6. Test Planninq/Test Stand Preparation 

The test plan was generated to evaluate the critical 
areas associated with the unique configuration of the dual-throat system. 

Cold flow testing (Reference 11) had shown a plume attachment shock 
(Figure 55) in the secondary chamber nozzle area during Mode II (primary 
chamber only firing). The heat transfer associated with this shock and the 
effect of bleed flow on the thermal conditions had to be determined. The test 
series to generate the required mode 2 data is described in Figure 56 and in 
Table XIII. 


The mode 2 test series involved the following: (1) a 

bleed flow survey with gaseous hydrogen, (2) a mixture ratio survey to provide 
a wide reynolds number range, (3) a pressure survey to generate a heat flux 
range, and (4) a nozzle spacing survey to determine the aerothermodynamic 
effects that were geometry-related. 

Two areas of concern during mode 1 firing were the heat 
transfer at the primary chamber nozzle lip and the heat transfer associated 
with the shocks in the primary nozzle. The test series to provide the mode 1 
data is described in Figure 57 and in Table XIV. Like the mode 2 tests, the 
mode 1 test series involved test variations in mixture ratio, chamber 
pressure, and nozzle spacing. In addition, the effect of the secondary-to- 
primary chamber pressure ratio on the thermal conditions were to be evaluated. 

Test stand J1A in the Aerojet J-area was selected for hot 
fire testing of the dual throat hardware. The J1A test stand flow diagram is 
depicted in Figure 58. The gaseous oxygen and gaseous hydrogen piping layout 
for the stand are shown in the figure. The water supply circuits and the 
anticipated manifold pressures are indicated in Figure 59. Instrumentation 
for the test program is described in Figure 60. 
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IV, C, Results (cont.) 


7. Hardware Assembly and Installation 

The assembled dual throat thruster was installed on the J1A 
test stand corresponding to the diagrams of Figures 59 and 60. The locations 
of the many water circuits and instrumentation ports for the thruster are 
given in Figure 61. Only the locations in the circumferential plane are 
shown. The water inlet and outlet circuits for the primary system are all 
basically in the same axial plane. The figure defines the location for the 
circuits given in Table XV. 

Two views of the installed hardware are given in Figures 62 
and 63. The hardware is seen with the pressure-check end plate mounted to the 
secondary nozzle exit. Water feed and exit lines to the axial coolant 
channels and the calorimeter channels are not connected in the figure. The 
inlet and outlet manifolds for the water coolant calorimeter channels are 
shown in Figure 63 as upright manifolds at each side of the pciture. The 
inlet and outlet manifolds for the axial circuits of the primary chamber are 
the horizontal manifolds near the ground on both side of Figure 63. Flex 
lines on the inlet manifold (right side of Figure 63) are shown connected to 
the manifold, but pulled out of the picture for clarity. 

8. Hardware/Test Stand Flow Calibration 

Three views of the dual throat hardware on the J1A test stand 
are shown in Figures 64, 65, and 66 prior to hot firing. The water coolant 
lines are connected (see Figure 62 for comparison). Each outlet line was 
equipped with an orifice, a pressure transducer and a thermocouple. Five of 
the outlet lines were equipped with flowmeters. 

a. Igniter Checkout Testing 

The GOX/GH2 was checked out with both cold flow and 
ignition tests. There was a 65 msec lag from the GOX valve signal to GOX 
manifold pressure (POJI) rise, and a corresponding 45 msec lag to GH2 manifold 
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TABLE XV 


INSTRUMENTATION NOMENCLATURE 


Chamber Pressure 
Oxidizer Manifold Pressure 
Fuel Manifold Pressure 
Chamber Pressure (high frequency) 


Water Circuits 
Temperature 


Pc-p 

Poj-p 

Pfj-P 

K-l 

K-2 

K-3 

1 thru 13 


Pc-s 

Poj-s 

Pfj-s 

K-5 

K-6 


1 thru 13 
T-l, T-2, T-3 
T-12, T- 13 
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IV, C, Results (cont.) 


pressure (PFJI) rise. An igniter GOX lead of 150 msec was utilized during 
ignition. Upstream pressures in the GOX and GH 2 circuits were set at 1000 
psia and 1500 psia, respectively, for an igniter chamber pressure of 400 psia. 

The igniter proved to be very reliable for primary cham- 
ber ignition over all mixture ratios tested. 

b. Injector Checkout Testing 

The primary and secondary injectors were cold flowed with 
GOX and with Helium (GH2 circuit only). The injector flow equation and the KW 
of the flow circuits are given in Table XVI. 

c. Water Coolant Circuit Calibration 

Calibration tests were conducted to measure the flow 
coefficients of the calorimeter and axial coolant circuits at rated flow 
rates. Because of the interchannel leakage in the primary chamber circuits 
and in some of the secondary chamber circuits, flowmeters were placed in both 
inlet and outlet lines as shown in Figure 67. 

The calibration data are summarized in Table XVII. The 
pressures PWY-XX for each circuit are those upstream of the measuring orifice 
shown in Figure 67. The flowrates, FWY-XX, the orifice diameters, DWY-XX, and 
the pressure drop across the orifice, A PWY-XX, were used to calculate the 
CDWY-XX values shown. The variation in flow coefficients (CD) can be attri- 
buted to the differences in configurations and line sizes, to slight varia- 
tions in the actual orifice diameters, and to normal variations in the pres- 
sure and flow rate measurements. Because each circuit is calibrated, the 
absolute value of the coefficients is not necessary in obtaining accurate flow 
rates from the pressure drop across the orifice circuit. 

The water inlet pressure to the unit in the tests was 
1571 psig and the outlet pressure was 572 psig. The inlet and outlet manifold 
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TABLE XVI 


CALCULATED Kw VALUES FOR EACH INJECTOR AND PROPELLANT 


Injector 

Propellant 

Kw 

Primary 

gh 2 

.404 

Primary 

GOX 

.548 

Secondary 

gh 2 

.927 

Secondary 

GOX 

1.534 


KW Equations 


R 


02 " 


2.16 


Kw PI 
/ T 



1.429 

) 


P 9 1.714 


W 


H2 


0.54 


Kw PI 
/ T 


/ 


p 2 ‘- 42 ? p, 

<pf) < pf ) 


1.714 


where P^ = upstream gas pressure 


P 2 = downstream gas pressure 
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TABLE XVII 


WATER COOLANT CIRCUIT CALIBRATION .DATA 


CIRCUIT 

Y-XX 

Pressure 

PWY-XX 

(psig) 

Flow Rate 
FWY-XX 
(lb/sec) 

Orifice 
Diameter 
DWY-XX 
(in. ) 

Orifice Orifice 

Pressure Drop Flow Coefficient 
aPWY-XX C n WY-XX 

(psi) 

P-1 

741 

1.525 

.179 

169 

.883 

P-2 

801 

.770 

.122 

228 

.825 

P-3 

776 

1.205 

.156 

204 

.836 

P-4 

812 

1.422 

. 179 

240 

.691 

P-5 

816 

2.260 

.215 

244 

.755 

P-6 

111 

2.484 

.230 

205 

.791 

P-7 

810 

1.374 

.161 

238 

.829 

P-8 

746 

.961 

.138 

174 

.923 

P-9 

783 

.636 

.115 

211 

.798 

P-10 

733 

.729 

.122 

161 

.931 

P-11 

732 

.869 

.138 

160 

.870 

P-12 

718 

.714 

.131 

146 

.830 

P-13 

764 

24.16(22.11) 

.725 

192 

.80 (.732) 

S-l 

1570 

.492 

.075 

998 

.668 

S-2 

1566 

.492 

.075 

994 

.669 

S-3 

1364 

.999 

.106 

792 

.762 

S-4 

818 

1.421 

.179 

246 

.682 

S-5 

1285 

1.543 

.131 

713 

.812 

S-6 

1323 

1.134 

.110 

751 

.825 

S-7 

1316 

1.137 

.110 

744 

.831 

S-8 

1318 

1.011 

.110 

746 

.738 

S-9 

1283 

1.254 

.115 

711 

.858 

S-10 

1412 

1.076 

.106 

840 

.797 

S-ll 

1514 

.683 

.081 

942 

.818 

S-12 

1503 

.517 

.084 

931 

.579 

S-13 

1470 

.598 

.075 

898 

.856 

LI 

1551 

.695 

.081 

979 

.817 

UNIT 

1571 

52t 16(50.11) 

— 

999 

— 

Inlet 

and Outlet Manifold Flow Rates (See 

Figure 67 for 

definitions) 

FWIM 

FWOM 

= 51.05 lb/sec 
= 51.03 lb/sec 

9 




C DWY- 

Where 

xx = .2412 w/(DWY-XX) /aPWY- 
APWY-XX = (PWY-XX) - PWOM w 

-XX 

= coolant water flow 

rate 
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IV, C, Results (cont.) 


flow rate measurements (FWIM and FWOM) are in good agreement as shown in Table 
XVII. The sum of the individual circuit flow rates amounts to 52.16 and 50.11 
LBM/SEC depending upon whether the axial primary circuit P13 is computed from 
a flow calibration Cp or by difference from the total inlet flow and a sum of 
the individual circuits. The average of the two P13 values when added to the 
sum of the other circuits gives exceptional agreement with the measured inlet 
and outlet total flows. 

Several approaches were considered for caibrating the 
coolant channels for flow measurement and control purposes. The method that 
had proved successful on a previous study (Reference 12) was the preferred 
approach. That experimental setup provided for redundancy in a number of key 
measurements. Each chamber cooling circuit KW was determined, calibrated 
discharge orifices were utilized in each circuit, and flow meters were used in 
five of the coolant circuits to obtain triple redundancy. This methodology, 
adapted for the dual throat system, is depicted in Figure 67. 

Special water flow tests of the primary coolant circuits 
(plugging outlets of individual and/or combined circuits, and reverse flowing 
the circuits with or without plugged circuits) allowed the accumlation of leak 
KW's for each circuit and allowed the formulation of a computer model of the 
primary coolant system. This model is diagrammed in Figure 68. Confidence in 
this model depended upon a uniform outlet pressure in the primary circuits. 
Therefore, the orifices in the primary circuit were sized to give as close to 
a uniform outlet pressure as possible. 

As hot fire testing proceeded and orifice changes were 
made, additional water circuit calibrations were made. These served to ensure 
the gathering of consistent data. Because of the internal leakage in the 
calorimeter circuits, considerable effort was required to reduce and interpret 
the thermal data. Careful examination of these data indicated that the cold 
flow calibration data needed to be corrected for hot flow conditions. The 
types of corrections and the methodology are described later in this report in 
Section V. 
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IV, C, Results (cont.) 


9. Hot Fire Test Program 

A total of 43 combustion tests were conducted with the dual 
throat hardware. A historical first was accomplished on 19 December 1983 when 
both primary and secondary chambers of a cooled dual throat system were suc- 
cessfully fired. Thirteen tests were conducted before a major water leak 
occurred. The remainder of the tests were conducted after the hardware was 
repaired. The detailed test data are presented in Appendix B of this 
report. This section presents a summary of the hot fire data. 

The hot fire test data are summarized in Tables XVIII and XIX. 

The valve sequencing, ignition and start and shutdown 
transients are depicted in the oscillograph traces of Figure 69a and 69b. The 
nomenclature used on the oscillographs are defined in Table XV11A. Figure 69A 
shows a typical mode 2 (Primary Only) Test. The scheduled test duration (Test 
105) was 0.5 second to checkout the system. The igniter spark was on for 
0.285 second after fire switch one (FS1). The primary chamber pressure began 
to rise at FS1 + 0.24 second and reached steady state pressure at FS1 +0.3 
second. 


Figure 69B shows a typical Mode 1 (both chambers firing) 
test. The duration of this test (Test 115) was 1.2 seconds. The primary 
chamber was ignited as in previous tests. The secondary chamber ignition took 
place approximately 0.2 second after primary chamber steady state pressure was 
reached. Ignition was accomplished using the primary chamber exhaust for 
ignition of the secondary chamber gaseous oxygen and hydrogen. This "back 
lighting" technique is possible with GOX and GH 2 , but may provide too great a 
pressure rise for ignition of propellants (E.G., Liquids) where larger volume 
changes occur on combustion. 

An analysis of the high frequency data for Test 115 showed a 
130 psi pressure spike on primary chamber ignition. The Kistler transducer 
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TABLE XVI I A 


SYMBOL 

FS 

LPTCOV 

LPTCFV 

LOFCV 

LFFCV 

SPARK 

IGNOV 

IGNFV 

IGNOPV 

IGNFPV 

PTCOVPV 

PTCFVPV 

STCOPV 

STCFPV 

POL I (POIL) 

PFLT (PFIL) 

PPC 

PSC 

POIJ 

PFIJ 

FA 

POPJ 

PFPJ 

POSJ 

PFSJ 


DUAL THROAT THRUSTER OSCILLOGRAPH NOMENCLATURE 

PARAMETER 

Fi reswitch ( 1 : Start,; 2 : Shutdown) 

Thrust chamber GOX Valve Position 

Thrust Chamber GH2 Valve Position 

Facility GOX Valve Position 

Facility GH2 Valve Position 

Igniter Spark 

Igniter GOX Valve 

Igniter GH2 Valve 

Igniter GOX Purge Valve 

Igniter GH2 Purge Valve 

Thrust Chamber GOX Valve Purge Pressure 

Thrust Chamber GH 2 Valve Purge Pressure 

Thrust Chamber GOX Purge Valve Command 

Thrust Chamber GH 2 Purge Valve Command 

GOX Facility Line Pressure 

GH2 Facility Line Pressure 

Primary Chamber Pressure 

Secondary Chamber Pressure 

Igniter GOX Pressure 

Igniter GH2 Pressure 

Thrust 

Primary Injector GOX Pressure 
Primary Injector GH2 Pressure 
Secondary Injector GOX Pressure 
Secondary Injector GH2 Pressure 
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TABLE XVIII 
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DUAL THROAT THRUSTER TEST SUMMARY 
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IV, C, Results (cont.) 


trace settled out 120 milliseconds after the spike occured. A pressure spike 
of 600 psi was seen at secondary chamber ignition, with a corresponding spike 
of 60 psi sensed by the primary chamber Kistler transducer. The secondary 
chamber Kistler transducer trace settled out after about 90 milliseconds. The 
duration of the spike on secondary ignition was about 10 milliseconds (major 
spike followed by 2 lesser spikes). 

Although not a contract requirement, thrust was measured on 
each test using the existing thrust stand. The thrust data allowed the 
computation of thruster performance (specific impulse), and thus a 
quantitative measurement of the perofrmance differences as variables were 
changed throughout the test series. Because the stand was not calibrated for 
these tests, the thrust values should not be used to estimate dual throat 
engine performance. 

The calculated values of specific impulse and characteristic 
velocity are included in Table XIX. It should be noted that the calculated 
specific impulse values for Mode 2 tests do not include the amount of GH^ 
bleed flow. An operational dual throat engine would use the gas generator- 
turbine exhaust as bleed flow rather than gaseous hydrogen. The lower 
performance reflected with GH 2 bleed was, therefore, not shown in the table. 

10. Data Reduction 


a. Coolant Flow Rates 

Coolant flow rates were calculated from the outlet ori- 
fice discharge coefficients given in Tables XX to XXII. These coefficients 
were obtained from special cold flow tests and the limited use of flow meters 
in individual circuts during the hot fire tests. Note that many of the sec- 
ondary chamber orifices are cavitating, as indicated by the specification of 
Cq rather than Cq. The flow rate for cavitating orifices is a function of 
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TABLE XX 


PRIMARY ORIFICE CALIBRATION 

Circuit Orifice Cq 

Diameter 

in. 


1 

.166 

.817 

2 

.122 

.893 

3 

.156 

.836 

4 

.179 

.691 

5 

.215 

.747 

6 

.230 

.791 

7 

.161 

.829 

8 

.129 

.742 

9 

.115 

.831 

9A 

.243 

.856 

10 

.111 

.780 

11 

.125 

.790 

12 

.117 

.781 

13 

.697 

.845 


W = 4.147 C 0 D 2 


- PWOM) 0 * 5 


(PWPO-X 


TABLE XXI 


SECONDARY MODE II ORIFICE CALIBRATION 


Circuit Orifice Cq Cg 

Diameter 

in. 


1 

.035 

.734 


2 

.035 

.766 


3 

.035 

.769 


4 

.055 


.907 

5 

.046 

.642 

Tests 111-114 



.595 

Tests 137-142 

6 

.060 

.661 


7 

.064 

.578 


8 

.055 

.678 


9 

.052 

.654 


10 

.043 

.686 


11 

.040 

.674 


12 

.043 

.620 


13 

.040 

.590 


L-l* 

.035 

.772 



W = 4.147 C c D 2 (PWSO-X or PWL-1) 0 * 5 
W = 4.147 Cg D 2 (PWSO-4 - PWOM) 0 * 5 
* Assume PWL-1 = PWIM for Tests 137-142 
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IV, C, Results (cont.) 


inlet pressure and not a function of pressure drop across the orifice as it is 
for non-cavitating orifices. Of the Mode II secondary orifices, only S4 is 
not cavitating, this results from the use of an orifice upstream of the 
chamber in S4 to limit the pressure in the channels. Note that the orifice in 
P9 was changed after Test 127; the second orifice is designated as P9A. PWL-1 
was not measured on Tests 137-142. Since the cooling circuit pressure drop in 
the spacer is very small, PWL-1 was assumed to be equal to the inlet manifold 
pressure PWIM. 


b. Heat Load 
(1) Mode II 

Calculation of the coolant bulk temperature rise in 
each circuit accounted for (1) frictional heating of the coolant due to its 
high velocity in the cooling channels, (2) potential bias between inlet and 
outlet thermocouples and (3) small changes in inlet temperature during the 
test. Thus 

out o 

0 


inlet manifold temperature over a steady-state summary period 
near the end of the firing 

outlet temperature or crossover manifold temperature between 
segments for the same period 

= temperatures at the above locations just prior to firing. 

o o 

Heat loads are the product of the coolant flow rate and aT c since the devia- 
tion of the water specific heat from unity was negligible. Heat loads in the 


aT c * T out 


in which 
T in 


out 


T in ♦ T 
in’ i 


out 
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IV, C, Results (cont.) 


second segment of secondary circuits 1, 2, 12 and 13 were obtained by sub- 
tracting the heat load of the first segment from the total heat load. The 
crossover manifold thermocouple in cirucit S3 was inoperative throughout the 
test program, so two heat loads could not be obtained. 

Heating of the end wall of circuit P9 at the inner 
corner of the primary nozzle tip was assumed to be negligible in Mode II, so 
the sidewall area was used to calculate the reported heat flux from the mea- 
sured heat load. 


Data reduction printouts for Mode II are given in 
Table XXIII, and the resulting heat flux profiles are shown in Figures B-l to 
B-10 in Appendix B. 


(2) Mode I 

The heat load calculation methodology for Mode II is 
also applicable for the secondary chamber in Mode I. However, data reduction 
for the primary chamber in Mode I utilized the analytical model of the inter- 
nal leakage. Appendix C. This leakage is most likely to occur between the 
axial circuit and each calorimeter circuit after the former has cooled the 
outer surface of the chamber. Therefore, a model is required to account for 
the preheating of the leakage flow which dilutes the outlet flow of each 
calorimeter circuit. Leakage resistances were defined by matching cold flow 
data from special tests designed to isolate the leakage by capping either the 
inlets or outlets of the calorimeter circuits. Measured and predicted circuit 
resistances for these tests agreed within 10 percent. 

Resultant ratios of the calorimeter circuit internal flow to the outlet flow 
are given in Table XXIV. 


Calculation of the primary chamber calorimetric heat 
loads for Mode I tests were based on the following equation: 
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test no 

OSnAME 


UlHlS 


TEST 


“nut 


1 1 


r>l'AL throat CALORIMETER CHAMBtR joo7h 

COOLANT CIRCUIT HEATELOX PROGRAM oAlE Ort-oft-Ob 

TIME 0*. 10,10 


UATA PERIOD ESI * b.Sl SECS » Tf) ESI + 6.01 StCS. 


CIRCUIT 

NUMBER 

PRtMARy 

1 

? 

T 

a 

s 

6 

7 

A 

R 

10 

II 

1? 

M 

SEcUNDaKY 
SPACER 
1 A 



?A 

3 

a 

s 

6 

7 

A 

R 

1 0 
1 1 
1? A 
1?H 

I3H 

I 3* 


CIRCUIT CIRCUIT 


SURFACE 

Kn 

AREA 


S N .. T N 


1.67b 

.0934 

.762 

.0551 

1 • 6 1 3 

.0844 

1.921 

.0910 

2.2? 0 

.1432 

2,960 

.1735 

2.7X6 

.0691 

W551 

.0512 

.900 

.0456 

1 .901 

.0399 

3.242 

.0512 

2.262 

.0443 

1.000 

1.7024 

23.06 

.0039 

23.17 

.00 57 

20.50 

.0037 

16.75 

.0 039 

U.39 

.0039 

1 1.79 

.0039 

S. 103 

,0114 

9.532 

.0056 

1.039 

.0099 

3. 639 

.0098 

3.9 0 6 

.0 005 

4.146 

. Oo 7 3 

4.337 

. fi<»55 

9.969 

.0045 

0.597 

.0 040 

6.956 

.0040 

7 . 3 1 7 

,00 39 

9.140 

.0059 


COOLANT FlU" 
18/SEL 

FlUw ORIFICE 
ME Ter 

1 .5iau 

.BbRo 

1 .290 0 
1.5 0 72 
2.379b 
2.0546 

1 . 45/5 
.8SR3 
.7o»0 
.0 772 
.&6oa 

.6943 

20.041 


. U53 

.1301 

.13»« 

. U54 
. Ubl 
.2509 
.2060 .2063 

.3647 .3639 

• 3606 • 

,312b ,3jAb 
• 27°0 
.1907 
.lb** 
.1709 

. 1 709 

.1(490 

,1496 


delta 

HEAT LO 

temp 
OEU E 

HTU/SEC 


40.05 

45,49b 

23.59 

2 0 , 2 0 6 

2 7.17 

35,048 

24,35 

3 6,690 

17,63 

42,429 

13.07 

30,532 

30.96 

45,126 

20,77 

17,743 

15,94 

11,204 

6.02 

4,616 

6.1b 

S.292 

2.90 

2 , 0 p 6 

30.24 

0H,o5 


.00 

,127 

.03 

. 1 lb 

1.23 

• 0 b b 

2.27 


2.60 

.3/0 

0.50 

1 ,24b 

6.06 

2,023 

17.60 

3,664 

20.79 

10.535 

37,01 

13.609 

59,6 1 

(2,450 

41,60 

» 1 ,207 

48.03 

9,447 

be. 02 

9. 7oO 

6b. 79 

1 1 . 7 50 

121,9 

1 0 , 0 0 5 

145,9 

7.53b 

93.07 

13,592 


heat flux 
H r 1 1 / g 0 . IiM.StC 


p'.ui 

20.517 
21.729 
19.105 
1 9 . 0 o 1 

1 4 , 6 , .l 2 
10,495 
1 3. 1 33 
11 . 3o7 
3 . O 9 *> 
2.229 

.913 

0 1 1 . 0U0 


. oyo 
. 0 0 b 
,oo5 

.020 
. 1 06 
. 590 
.60 9 
2.611 
5 . boo 
5. 1 66 
2. U? 
2.1 /» 
1 . 9 0 4 
J .7/9 
1.930 
I . u i 0 
1 .907 


PCP 

NOo 



526.490 PSIA 
9.902270 t fl/ SEC 
.097337 |_0/s F c 
5 . 299o l b L8/SFC 
7. iCRbbl 


tutal 45 . 91 R 1 total 1251.79 

Fuwi tutal 4 o. 9 o 9 3 total ooo.roo 


PROPELLANT STbtE'M analysis 


PCS 

37,454 ps i a 

F A 

1753,259 

lhs 

rfUS 

Lri/pfcC 

em 

1 7 4 5 , 6 5 9 

i. ri s 

wE S 

LB/Sfcc 

E SL 

1 749,530 

L o S 

rTS 

LB/SEC 

wto r 

5.249oib 

l.H/SfeC 

mRS 


ISPSL 

333.270 

S t C • 
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TABLE XXIII (cent.) 

TEs t mo. 23B1-B01-OC-) 12 DUAL throat calorimeter CHAMbtH jo67b 
OSNAMt Dfnis rUOLANT C I u I T HEATFtOX Program date oh»06»85 
TEsT M (1 0fc II rlM (. 0*. 15,31 



U A T A PFWlrii) t-St 

♦ 5.51 

1 SLCS* TO 

FS1 + b.oi StCS. 


CIrCtt 

CIRCUIT CIRCUIT 

COOLANT Fi.U* 

DELTA 

heat LOmO MEAT FLUX 

NUmREP 

SURFACE 

K * 

IH/SEC 

temp 




area 


PLOW 

ORIFICE 

deg f 

BTU/S1C BTu/S'J. IN, SEC 


SQ . j N 


Mfc TFR 





Pr t mar y 








1 

1.675 

.09 *4 


1 .4956 

30.56 

45.715 

*7.p93 

? 

. 7 hi 

. 0 5 5 1 


,6566 

23.32 

19,979 

26.220 

3 

1.64 3 

,0844 


1 .2786 

27,12 

38,569 

21.432 

a 

1 ,9?1 

.0016 


1.8937 

2 a , 08 

35,971 

16.725 

b 

*-2?o 

.1432 


2.371* 

l 7,60 

41.780 

16,751 

t> 

2.4b« 

.1735 


2.6133 

13.81 

36.09b 

14.626 

7 

2.736 

.0891 


1 .4499 

SO • b2 

44,391 

16.225 

A 

1.351 

.051* 


.6534 

20,28 

17,304 

12.608 

9 

.998 

.0450 


.7080 

15.59 

10,972 

10.994 

1 A 

1.491 

.0 399 


.6751 

6,56 

8,430 

2.971 

1 1 

3,?42 

.0512 


.6516 

5,9/ 

5, 06b 

2.1/3 

IP 

2.262 

.0443 


.6895 

2.77 

l.Olu 

.645 

13 

1.0 0*' 1 

.7024 


26,759 

30,*1 

807,87 

« 0 / . 6 7 5 

SECONDARY 








SPACER 

*3,00 

.0030 


.1483 

.96 

.139 

,00b 

i a 

*3.i 7 

.003 7 


.1372 

1,01 

.139 

.006 

1« 

*6.5 0 

.0037 


. 1 3 7* 

l,3l 

,040 

. 0 0 2 

?* 

10,75 

.00 39 


• 1 4 88 

3.08 



? A 

1 4 , 3 '4 

.0030 


.1484 

3.20 

.862 

.0 32 

3 

11,74 

.0030 


.1439 

1 1,60 

1,668 

.142 

a 

5.103 

.0114 


.2510 

10,28 

*,58o 

.497 

9 

0.53* 

.0056 

.*204 

.2069 

20.0 7 

8,151 

. 0 l b 

6 

a • 0 3 4 

.0099 

.3 to 22 

. 3 (,3b 

31.27 

1 1.373 

2.8(9 

7 

3.8J9 

. 0096 

. 3b5o 

.3597 

«0.29 

1 4 , « 92 

S.775 

A 

3.908 

.0065 

.3106 

.3124 

8y ,99 

12 , 605 , 

S.2/7 

9 

«. 146 

. 00 7 3 


.2660 

«2» 1 1 

11.322 

2 . 7 A 1 

to 

8.337 

. 0053 


.1954 

87,81 

0,340 

2.154 

n 

0.960 

. 00«5 


.1673 

5 7 , 6 8 

9,644 

1.941 

i? A 

0.597 

.00 46 


.1772 

65. b7 

11,639 

1 . 7b4 

I?8 

0.956 

. 0048 


.1772 

121.8 

9.879 

1.420 

13b 

/.3l7 

• 0 0 i 9 


.1439 

145.9 

7.244 

.490 

13 a 

0.140 

,003'9 


.1430 

05,«0 

1 3,737 

1.503 




TOTAL 

45.6879 

total 

1226,67 




► MW I 

TOTAl 

40,6307 

total 

974,203 





PROPELLANT SYSTEM 

analysis 


PCP **8. 

30o RSIa 


PCS 

34.973 RSIA 

Fa 1698,430 

1.6b 

WOP '4.30 >7o2 l B/SFC 


wOS 

LB/SEC 

fa 1 7 0 7 . 1 3 b 

L 68 

wFp , balboa i h / $ f C 


s 

LB/SEC 

F sL 1/00,764 

l 6b 

WTp 5.205565 l^/SFC 


wTS 

LB'StC 

WTOT 5,205565 

L 6 / S t C 

MRp 7.110830 


mRS 



ISPSL 320,724 

SfcC, 
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TABLE XXIII (cont. ) Page 3 of 10 

TEST No. 1 J pUAL THR0A1 t Alqw Ff. R CHAMbtR J06/8 

OSNAMt OTHIo COOLANT CIRCUIT HE ATF LU* PruURAH 0 A T fc ,,*-06-85 

T£8 t M OOfc IX T1*E «»/,. 52.26 



Data PfR loo FSt 

♦ 5.51 

1 sees. Tu 

FS1 ♦ b.Ol SECS* 


circuit 

CIRCUIT CIRCUIT 

COOL ANT FL'Jw 

UELTA 

neat l ii « u h e a t Flux 

number 

SURFACE 

KW 

LB/3EC 

TfcMP 




area 


FLU* 

ORlFlCf 

DEC E 

RTU/SeC bTu/S'F Tn.SEC 


SO, TN 


METfeR 





PRT m ARv 








1 

1.675 

.OR 34 


1 .4969 

31,82 

47,093 

26.4/3 

? 

• 762 

.0551 


.8543 

24.19 

20. 660 

27. 121 

3 

1.613 

,0944 


1 .272o 

28,00 

35.029 

22,048 

u 

1 .9*1 

.0918 


1.490 7 

2«,?b 

30.171 

18.829 

s 

2.??0 

.1432 


2. 3621 

18.04 

42.623 

1 9 . 1 4 8 

6 

2 . 4 6 8 

.1735 


2. 0056 

14.15 

30.673 

l 4 . 9 -4 1 

7 

2.73o 

.0891 


1.4406 

31.31 

45,300 

16.55? 

s 

1 *351 

.051* 


.8S31 

20,74 

1 7,094 

t 3.09 7 

R 

• R9B 

«045o 


.7031 

16.06 

11.293 

1 1 .316 

lo 

1.4R1 

.0 349 


,0746 

6.84 

4,611 

3.093 

11 

3.2«2 

.ost* 


• 8534 

6.98 

S.9b6 

2.5*9 

1? 

^ » ?6* 

.0443 


,6H89 

5.09 

2.»2 0 

. 9 4 0 

n 

i.uftu 1 

.7024 


?O,60 1 

31.17 

629. o 3 

8 2 9.02 9 

SFrONDARr 








spacer 

**.06 

.003<» 


.1436 

, b5 

.‘*>9a 

, 0 0 4 

1 A 

*4.17 

.0037 


.1307 

1.28 

,17b 

. u 0 6 

1» 

20.S0 

.0037 


. 1 367 

3 • 0 5 

.*41 

.012 

?» 

16.75 

.00 59 


.1439 

11.16 



? A 

ia #3 4 

.0039 


,1439 

11.2 7 

1 .6*2 

.114 

3 

tl ,74 

.00 39 


.1437 

*9,20 

4.195 

.357 

<0 

5*193 

.0114 


.249 7 

21,12 

5.2 74 

1 . 0 1 6 

s 

9.532 

.0058 

.2o3o 

.2061 

36,34 

7.49i 

1.653 

6 

4.0 34 

,00 99 

.3 o 0Q 

• 3 0 2i 

52.34 

1 8.9f>4 

i . / 0 1 

7 

3.839 

,0 098 

.3568 

.3583 

61.79 

22, I 44 

5 . ? 0 4 

9 

5.9(>8 

, 0 08 b 

.3096 

.3113 

56,69 

l 7.04 7 

4.510 

R 

u « 140 

.0073 


.2b 79 

55.45 

14,317 

3.453 

to 

u • 337 

,0053 


,1947 

58. S6 

11,«00 

*.o*R 

It 

4 . 4(j9 

,0045 


. 1 602 

70.09 

11,047 

2.544 

I ? A 

O.S97 

,0048 


,1700 

79,48 

1 4.036 

2.1*8 

I?« 

0 . 0 S 0 

.0048 


• 1 76 o 

1 44, H 

l 1 .536 

1.059 

n« 

7.317 

,0039 


. 1433 

169. 1 

8,541 

1.1/4 

h a 

9.140 

.0039 


.1433 

1 0 9 , J 

15,640 

l.7l 1 




fOTA L 

« 5 , 5 0 9 7 

T nT Aj 

I300,o/ 




Em ml 

total 

40.144/ 

T 0 T A | 

. R 6 7 ,472 





PROPELLANT s V S TE m 

analysis 


PCP s-»i. 

948 psia 


PCS 

32.os3 PSIA 

Fa lo 70 , 06*5 

L h 4 

WOP 4.5<»o75o | h/SEC 


w u s 

LR /St C 

F H 1 7 33,104 

1 03 

i*Fp 1 .H/ 5 FC 


wf-S 

LB/StC 

F SL 1 /05,925 

L 

WTp 5.2u43u7 L tf/sfC 


*TS 

CB'SfcC 

w T 0 T 5,20430/ 

L o / s F C 

MRp 7,06oM39 


MRS 



ISPSL 327.791 

sfer. 
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TABErE XXIII (cont.) 


Page 4 of 10 


TEs t no. 2301 -hOl-oC-l i*» 

OSNAHt PT h I S 
TES T Of: J 1 


DUAL TMRUA1 CALORIMETER chamber Ji)b7e 

coolamt circuit heatflu* program date 00-06-05 

TIME o / , 4 1 , Ob 



OaTA PERIOD FS1 

♦ 4, 04 

SECS. To FSt ♦ 5. 

, 1 u SECS* 

CIPCMIT 

CIRCUIT 

CIRCUIT 

COOLANT flU* 

DELTA 

HEAT load HLaT ELUX 

NUmHM 

surface 

K W 

IB'SFC 

temp 



AREA 


F L or 

ORIFICE 

DEC* F 

ptu/sec MTU/so. in. SEC 


SU.IN 


mETe R 




PR t ma «v 







1 

1.07b 

.0*44 


1 .5103 

30.96 

47,007 20.064 

p 

• 7 © 2 

.0551 


.8bli 

23.B0 

20,561 26.963 

% 

1 .0! 3 

.0844 


i t £*£S 

20.31 

36,300 22.509 

a 

1 .021 

. 0 9 1 0 


1 .60H 

25,17 

40,300 20.979 

% 

2.??6 

.1442 


2.3900 

18.21 

43.521 19.551 


2. Ut>H 

, 17 45 


2 .0382 

14. 1 7 

37.396 13,152 

7 

2.75b 

.08 11 


1 .4<,76 

31,03 

45.539 1o.644 

ft 

1.551 

.0512 


,«bi4 

20,79 

17,940 I3.2b5 

g 

* 998 

.0450 


.7071 

1 6 » 26 

11,499 11,582 

1 f) 

1 .491 

.0 499 


,680b 

7,41 

5,045 3.3b4 

1 1 

3.242 

.0512 


.0591 

7.36 

6.325 2.627 

1 p 

2.262 

. 0 4 4 3 


. 7 o 1 1 

3.66 

2,564 1.134 

4 r 

n 

1.000 

1 , 7024 


2o , 90S 

31.15 

837, 9 0 037.96') 

SEcUNOaBV 

spacer 

25.00 

.00 39 


.1452 

1.12 

.162 .007 

1 A 

23.17 

. 0037 


• l 300 

5.13 

,700 .031 

| H 

20.50 

, 00 47 


.13»0 

9,90 

,669 .033 


lb. 7b 

.0039 


.1453 

22,03 

,092 .005 

>A 

14.30 

• 0039 


• 1 453 

21.40 

3,100 .217 

t 

11.70 

. 00 39 


,1449 

48,63 

7,040 . 6 o 0 

£| 

*.193 

.0114 


.2503 

30.50 

7.632 1.470 

s 

4.552 

,005b 

.2051 

.2001 

53.66 

11,206 2.473 

fa 

4.0J4 

. 00 99 

,3 b 44 

.3 & 5b 

77.23 

20.232 6.999 

7 

3.8 39 

. 00 90 

. 3606 

,3blb 

05.22 

30,010 6.027 

ft 

3.900 

.0005 

,312b 

.3142 

o9 ,bo 

21.005 5. 600 

g 

«• 1 Ob 

. 00 73 


.2705 

62,«7 

16,097 4.075 

to 

**.357 

.005 3 


.1966 

66,74 

13.120 3,025 

1 1 

«.9o9 

.0045 


.1676 

76.56 

12.046 2.585 

t ? A 

0.597 

. 0040 


,1702 

06,74 

1 5 , 4 6 0 2.344 

ipP 

o. RSb 

, 004b 


.1702 

153,0 

11,003 1.697 

H* 

2.-317 

, 00 39 


.1447 

177.0 

9,309 1 , 2h 3 

1 * A 

9.140 

.0039 


.1447 

112.1 

16,216 1.7/4 




TOTAL 

46.H17 

total 

1359,26 



FrwI TUTAl 

40.4000 

total 

917.792 




pRUPELLANT SYSTEM ANALYSIS 

Pro s** 

,b79 pbiA 


PCS 

30.o6l 

PST a 

Fa 1659.311 LBS 

ROP 4. *>70600 | H/SFC 

wOS 


LB/StC 

Eh 1 7 1 f , 6 7 o t b S 

RFp ]oa51*9 lb/ St C 

wf s 


LB/SEC 

FSt 1606.491 ( ns 

wTp 5.223749 I 0/SFC 

w 1 S 


LR/SEC 

*TOT 5,223/49 IH/SEC 

MRp T b .»RoRoT 


MRS 



ISPSL 323,233 SFC. 


79 
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TABLE XXIII (cont.) 


TEST NO. 238l-fi01-0C*l37 DUAL THHOAT CALORIMETER CHAMBER J067« 
OSnAME OTHIS COUlanT Ci«cUlT HEATF-LUX Program date 06-06-85 
TEsT M nUfc II TIME 98,41,09 


Data PERIOD FSl ♦ 6, 5l stcs. To FSt + 7.ot SECS. 


CIRCUIT 

CIRCUIT CIRCUIT 

COOLANT FlUw 

delta 

heat load heat flux 

number 

SURFACE 

KW 

LB/SEC 

T£MP 





AREA 


FLOw 

ORIFICE 

deg f 

BTU/SFC 

BTU/SG. IN. SEC 


SU. IN 


meter 






primary 









1 

1 ,67S 

.093*4 


1.9188 

33,17 

*3,055 


38.003 

? 

• 7 to 2 

.0551 


1.0228 

20,46 

20,9io 


27.J68 

3 

1.613 

.0844 


1.5488 

24,11 

37,342 


23.151 

4 

1 . 9? 1 

.0918 


1.0287 

21,39 

39,110 


20.359 

5 

2.2?b 

.1432 


3.0322 

U,?« 

49, it, * 


22.1 7* 

6 

2. 468 

.1735 


3.3222 

11.84 

39.34 1 


1 5 .94 (i 

7 

*.736 

.0891 


1.5162 

25.14 

38.1 15 


t 3.931 

S 

1 • 3*5 1 

.0512 


1.0815 

18,13 

19.003 


1 <4.51 0 

qA 

.998 

.2096 


1. JlU 

10,73 

14,074 


1*4.102 

10 

1.491 

.0399 


.»303 

6,14 

5,099 


3.42 0 

l! 

3.242 

.0512 


1.0854 

5.95 

6.458 


2.713 

1? 

2.262 

. 0 4 4 3 


.821 1 

3.09 

2,540 


1.123 

11 

1.000 1 

,7024 


32,130 

29,48 

947,04 


947.04 0 

SECONDARY 









spacer 

23.06 

.0039 


.1788 

4,52 

,808 


.035 

1* 

23.17 

.0037 


.1691 

5.94 

1,004 


.043 

10 

20.50 

.0037 


.1691 

12.04 

1.032 


.OS') 

?0 

16.75 

.00 39 


.1785 

12.90 

1.126 


.Ofc7 

?A 

19.34 

.0039 


.1785 

6.59 

1.1/6 


.082 

3 

l 1 .74 

.0039 


,1774 

14,09 

2.499 


.215 

4 

S. 193 

.0114 


.2860 

11.21 

3,207 


.6J8 


4.532 

.0052 

.2398 

.2370 

21. 12 

5,006 


1 .lu4 

6 

'l. 014 

.0099 

.“«76 

.4501 

30,93 

1 *.923 


3.051 

7 

3.839 

.0098 

.4429 

.4435 

39,8 0 

1 7.650 


4.597 

9 

3.908 

.0085 

.3838 

.38^9 

38.69 

14,895 


3.812 

9 

4.146 

.0073 


.3317 

90.16 

13.321 


3.213 

to 

4.337 

.0053 


.2413 

82.36 

10.220 


2.356 

11 

4.96« 

.0045 


.2052 

50,52 

10.367 


2.066 

1?* 

0.59 7 

.0048 


.2169 

73.49 

15,938 


2. *4 lo 

1J»B 

6.956 

.OO48 


.2169 

115,1 

9,025 


1 .29/ 

118 

7.317 

,0039 


.1774 

128.7 

8.^26 


1.152 

11* 

9,140 

,0039 


.1774 

81,24 

14,415 


1.577 




total 

55.8691 

total 

142b, 7l 





F Mwl 

TOTAL 

50.6671 

Total 

1105,12 






PROPELLANT SYSTEM 

ana l ysis 



PCP 6/6, 

to/1 PSIA 


PCS 

39.7*8 PSIA 


H 222/ 

.1*49 

L 4 

MOP 5.973454 l B/ S EC 


W.OS 

LH/SfcC 

F B 2215 

,67 7 

L B .j 

WFp .874057 LB/SEC 


wE S 

L0/SLC 

F SI 2221 

.512 

LOS 

- Tp 6.847511 IB/SFC 


wTS 

LB/SEC 

W r 0 T 6 . 8 « 7 5 1 1 

L H/StC 

MRP 6 . 8 3 *4 1 6 7 


MRS 



ISPSL 32m 

,4 2b 

SFC. 


80 
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TABLE XXIII (cont.) 

TfsT NO. 2381.ROUoC*138 DUAL THROAT CALORIMETER CHAMBER JQ878 
OSNAME OTHIS C°°LANT CIRCUIT HEATF'LUX PROGRAM oATt 08-06-65 
TEs t HoOE U TlHfe 0 m,52, 38 




OaTA PERIOD ESI 

♦ 6,52 

SfcCS* To ESI ♦ 7 

.02 SECS* 


CIRCUIT 

CIRCUIT 

circuit 

coolant flow 

DELTA 

meat load HMT flux 

NUMBER 

surface 

K W 

LB'SEC 

temp 





ARfA 


FLOW 

orifice 

DEG F 

9TU/SEC BTU/SU.IN.SEC 



SQ.IN 


mF TER 





BR jMAR Y 








t 


1.675 

.0934 


1,9419 

32.24 

62.612 

37.380 

? 


.762 

.0551 


1.0248 

21.09 

21.613 

28.363 



1.613 

.0844 


1.5553 

23.34 

36.305 

22.508 

a 


I. R21 

.0018 


1 .8396 

20.70 

38.077 

19.822 

5 


2.2*6 

.1432 


3.0569 

16,32 

49.8/8 

22.40 7 

6 


2*468 

.1735 


3.33^5 

11.88 

39,661 

IP. 070 

7 


2.730 

.0891 


1.5225 

24,15 

36.763 

13.437 

S 


1.3S1 

.0512 


1.0859 

18,01 

19,558 

14.476 

qA 


• 99« 

.2046 


1 .3420 

12.21 

16,394 

16.427 

to 


1.491 

.0394 


.8414 

7,24 

6,088 

4.083 

it 


3.?42 

.0512 


1.0970 

7.83 

6,589 

3,168 

\? 


2.262 

.0443 


,8300 

5. 40 

4,479 

1.980 



1 .000 

1.7024 


32.488 

29,96 

973,27 973.2/4 

SECONDARY 








SPACER 

23,00 

.0039 


,1793 

27,00 

4,841 

.210 

1 A 


23.17 

.0037 


.1695 

40.52 

6.870 

.297 

1 B 


20.50 

.0037 


.1695 

60,74 

3.428 

.167 

?B 


16.75 

.0039 


.1789 

60.49 

3.790 

.226 

? k 


14.34 

.0039 


.1789 

39.31 

7,034 

.490 



1 1 ,74 

.0039 


.1775 

53.84 

9,559 

.814 

4 


5.103 

.0114 


, 2861 

25,95 

7.424 

1.430 

5 


4.532 

• 0052 

.2405 

.2378 

33.15 

7.883 

1.739 

6 


4.034 

.0094 

.4497 

.4515 

40.41 

18,249 

4.524 

T 


3.839 

.0098 

.4448 

.4450 

48.0« 

21.379 

5 . 5&9 

A 


3, 9o6 

.00«5 

,38a9 

.3863 

43.87 

16,949 

4.337 

9 


4.146 

.0073 


.3329 

42.17 

14,041 

3.36/ 

lo 


4.337 

.0053 


.2422 

42.67 

10,336 

2.383 

1 1 


4.069 

.0045 


.2060 

50.12 

10.325 

2.078 

i? A 


6,507 

.0048 


.2178 

70.91 

15,440 

2.340 



6.956 

.0048 


.2178 

106.3 

7.703 

1.107 

lie 


7.317 

.0039 


.1782 

118,0 

7,176 

.981 

ma 


9. too 

. 00 j9 


.1782 

77,72 

13.851 

1.515 





total 

56.3988 

TOTAL 

1499,57 





F MW I 

: total 

50.8301 

total 

1034,37 






PROPELLANT SYSTEM 

ANALYSIS 


PCP 

6*t> 

,217 PSIA 


PCS 

35.612 PSIA 

Fa 2 t 86 .704 

IBs 

MOP 

5.967050 LH/SFC 

wOS 

LB/SEC 

FB 2171,330 

LBS 

WFp 

.872991 L */SfC 

WFS 

LB/SEC 

FSL 217/. ol/ 

l B b 

WTp 

o .640041 IB/SFC 

WTS 

LB'SEC 

WTOT 6.840041 

1 a/SfcC 

MRP 

6.8351 70 


MRS 



1 3 P S L 318.275 

see. 
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OF POOR QUALITY 

TABLE XXIII (cont. ) Page 7 of 10 

TEST no. 230UbO1-oC*139 DUAL THROAT CALORIMETER CHAMBER JU878 

08NAME OThIS COOLANT CI«C u IT HtATfLUX PROGRAM DATE OH*O6»05 

TEST Moot II TIME 09.03,59 


Data PERIOD FSl ♦ 6,52 SECS* TO FSl ♦ 7.02 SECS. 


CIRCUIT 

CIRCUIT CIRCUIT 

coolant FlO* 

delta 

heat lo*c 

> HF. At FLUX 

number 

SURFACE 

KM 

LB/SEC 

T£Mp 





area 


FLOW 

ORIFICE 

DEG F 

0 TU/SEC 

8 TU/sU. I N.SEC 


SO. IN 


meter 






PRIMARY 









t 

1.675 

.0934 


l.9«5o 

33,52 

65.204 


38.920 

2 

.762 

,0551 


1.0312 

20,56 

21 , 20 & 


27.029 

T 

1.613 

,0844 


l.55«9 

24,04 

37.383 


23.176 

a 

1.9?1 

• 09i8 


1.8R69 

20,87 

30.509 


20.046 

5 

2.226 

.1432 


3.0505 

16.21 

49,580 


22.273 

6 

2.460 

.1735 


3.3436 

12.20 

40,001 


10.532 

7 

2.736 

.0891 


1.5224 

25.01 

30,081 


1 3.9j9 

A 

1.351 

.0512 


1.0853 

17.77 

19,206 


1 4.275 

9* 

.990 

.2096 


1.3424 

11.24 

1 5 , 09<< 


15.124 

10 

1.491 

.0399 


.8401 

5.78 

4,054 


3.256 

1 ! 

*•242 

.0512 


1.0895 

6,04 

6,501 


2.746 

12 

2.262 

.0443 


.0254 

3,20 

2.637 


1.166 

IS 

1.000 1 

.7024 


32.603 

29,75 

972.38 


972.303 

SEcONOaRY 









spacer 

23.06 

.0039 







1 A 

23.17 

.0037 







1 B 

20.50 

.0037 



.50 




2 ® 

16.75 

.0039 


.1794 

2,60 

,062 


.004 

2 a 

19.34 

.0039 


.1794 

2.2 5 

,404 


.028 

\ 

11.74 

.0039 


.1702 

4,14 

,730 


."63 

n 

5.193 

.0114 


.3o73 

4,19 

1,206 


.240 

5 

4.532 

.0052 

.2333 

.2303 

11.61 

2,767 


.610 

6 

4.034 

.0099 

.4411 

.4514 

19.80 

8.935 


2.215 

7 

3.83’ 

.0098 

.4455 

.4456 

26.39 

11.765 


i.ooS 

8 

3.908 

.0085 

.3864 

.3050 

28.99 

11.104 


2 . 8 e >2 

9 

4.146 

. 0 o 7 3 


.3342 

30.09 

10,055 


2. <*25 

10 

9.337 

.0053 


.2424 

30,77 

7,460 


1.720 

11 

4.969 

.0045 


.2086 

41,85 

8,647 


1 .740 

1 2 A 

0.597 

.0048 


.2100 

61,98 

13,515 


2.049 

12B 

0.956 

.0040 


.2100 

9t.,55 

7,537 


1.084 

1SB 

7.317 

.0039 


.1704 

111,1 

6,9o0 


.951 

ISA 

9.140 

.0039 


.1704 

72.13 

12.871 


1 .400 




total 

So.1079 

TOTAL 

1415,79 





f M*1 

total 

51.0109 

total 

1 147.73 






PROPELLANT SYSTEM 

analysis 



PCP 6 ' 6 , 

040 pSlA 


PCS 

42.2 1 3 PSIA 


Fa 224 b, 

339 

LBS 

NOP S.Voyioft LB/SEC 


W08 

LB/SEC 

M 22J4, 

149 

LBS 

MFr ,075904 1.8/SEC 


wFS 

LB/SEC 

F fit 2240. 

244 

l 8 s 

WTP 0,936271 lB/sEC 


wTS 

IB/SEC 

*TOT 6.036271 

lb/sec 

MRP 0,004619 


MRS 



ISPSL 3 27, 

700 

SEC, 
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TEST no. 2381.ro1-oC"140 

OSnAME othis 
test MnOE II 


TABLE XXIII (cont.) 

OU*l THkOAT CALORIMETER CHAMBER J0876 

COOLANT CIRCUIT HEATFlUX program date 0fl-06*B5 

TIME 09,18,37 


OaTA PERIOD F'Sl ♦ 6,52 SECS# To ESI * 7.02 SECS. 


CIRCUIT CIRCUIT 

CIRCUIT 

COOLANT FLU* 

delta 

heat LOAD heat FLUX 

number surface 

K 4 

18'SEC 

Temp 



area 


FLOW 

ORIFICE 

oeg f 

BTU/SEC 6 Tu/sU, in. sec 

SU.TN 


METER 





PRfMARV 







1 1.675 

.0944 


1.9334 

24,65 

47,658 

28.453 

? #762 

.0551 


1.0354 

14.74 

15,263 

20.030 

3 1.615 

.0844 


1.5565 

17,52 

27,269 

16,906 

4 I.R 21 

• 0 9 1 8 


1 .8486 

14.84 

27.431 

14.279 

5 2 . 22 <> 

.1432 


3.0620 

11.81 

36,160 

16,245 

6 2.066 

.1735 


3.3479 

8.64 

28.939 

11.726 

7 2.736 

. 0 8 9 1 


1.5217 

IB , 11 

27.555 

10.071 

8 U351 

.0512 


1.0911 

12.51 

13,645 

10.100 

<»A ,998 

.2096 


1.3464 

7,8« 

JO, 609 

10.630 

10 1.491 

.0 399 


.8444 

4,62 

3, 904 

2,618 

It 5»2«2 

.0512 


1.0917 

4.49 

4.90i 

1.761 

12 2.26 2 

.0443 


.8275 

3.23 

2.673 

1.182 

13 1.000 

1,7024 


32.701 

24.85 

812,72 812.720 

SEC 0 n,) aRV 







SPACER 23.06 

.0039 


.1797 

2.96 

.533 

.023 

tA 23.17 

• 00 37 


.1700 

4.39 

,747 

.0 32 

t« 20.50 

.0037 


.1700 

7.1)6 

,457 

.022 

2 « 10.75 

.0039 


.1794 

7.33 

.6*9 

.040 

2 A 14,30 

.0039 


.1794 

3.61 

.647 

.045 

3 11. 74 

.0039 


.1782 

5.86 

1.044 

.089 

a 5.193 

.0114 


.3000 

4.59 

1.378 

.265 

5 R.532 

.0052 

.2378 

.2382 

13. 68 

3.259 

.719 

6 0.034 

.0099 

.4484 

.4493 

19.12 

8,590 

2.129 

7 3.839 

.0096 

.4457 

.4459 

24.30 

10,838 

2.823 

A 3.906 

.0085 

.3862 

.3859 

24.18 

9,330 

2.387 

9 4.146 

.0073 


.3337 

25.60 

8.542 

2.060 

19 a .337 

.0053 


.2425 

24,37 

5.9io 

1 . 3o3 

11 4.964 

.0045 


.2064 

30.91 

6,378 

1 .284 

1 ?A 0,597 

.0046 


.2183 

«4.11 

9.630 

1.460 

1 ?H 0.950 

,004« 


.2183 

69,35 

5.511 

.792 

MB 7,317 

.00 39 


.1787 

80. *7 

5.272 

.721 

I 3 A 4.140 

.0039 


.1787 

5l,lb 

9,143 

1 .000 



total 

56.6*00 

tota u 

1146,60 



FmwI 

l tota l 

51.1510 

total 

924,20e 




PROPELLANT SYSTEM 

analysis 


PCP 6w2,79l PSIA 


PCS 

31.924 PSIA 

PA 2120.360 

LBS 

HOP 4.710042 I.B/SEC 

mUS 

LB/SEC 

P B 2109.634 

1 as 

MP p 1.59400/ L B/SFC 

wFS 

lb/sec 

P SL 2115,000 

IBs 

MTP 6.304646 C 

wT3 

LB/SEC 

WTOT 6,304648 

L6/56C 

MRp 2.453732 


MRS 



ISPSL 338.467 

Sf C. 
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ORIGINAL PAGE IS 
OF POOR QUALITY 

TABLE XXIII (cont.) Page 9 of 10 

TE9T Nn* 2301.001. oC-141 nUAt THROAT CALORIMETER CHAMBER J0B78 

osname othis coolant circuit heatflux program hate <m. 0 6-85 

TESl H00t 11 TIME 09.*.. 01 

Data PERIOD Fsi ♦ 6,55 $EC$. TO ESI ♦ 7.05 StL s • 


CIRCUIT 

CIRCUIT 

CIRCUIT 

number 

surface 

area 

SQ.IN 

X w 

primary 

1 

1.675 

.0634 

? 

. 762 

,0551 

3 

1.613 

.0844 

a 

1.921 

,0910 

5 

<2.228 

.1432 

6 

2.46® 

.1735 

7 

*.730 

.0891 

8 

1.351 

.0512 

ra 

,696 

,2090 

10 

1.491 

.0399 

11 

3.242 

.0512 

i? 

*.26* 

.0443 

13 

1.000 

1,7024 

SECONDARY 

spacer 

*3,06 

.0039 

!* 

*3.17 

.00 37 

18 

*0.50 

.0037 

?B 

16.75 

.0039 

2* 

l a ,34 

.0034 

3 

11.74 

,0039 

a 

5.J93 

.0114 

5 

4.532 

,0052 

6 

4.034 

.0099 

7 

3.639 

.0096 

8 

3,608 

.0085 

9 

4.146 

.0073 

10 

R.337 

,0053 

ll 

9.669 

.0045 

1? A 

6.597 

.0040 

12B 

6,656 

,0046 

1 38 

'•317 

.0039 

13 a 

9.140 

.0039 


COOLANT ElOR delta 

LB/SEC TEMp 

Flow ORIFICE DEG E 

meter 

1.9301 24,83 

1.0333 14,61 

1.5544 17.00 

1.04SV 14,83 

3.0525 1 1,47 

3. 33*1 0.5’ 

1 .5206 17. 00 

1.0064 12, S2 

1.323S 7,8b 

•8395 4,10 

1.089b 4,23 

.»2’3 2,1© 

32,457 24,54 




1.72 



2.0 1 


.1779 

.04 


.2954 

2.13 

2376 

• 2375 

0.05 

4468 

.4477 

13.45 

4440 

.4446 

10,7o 

3853 

.3047 

20.18 


.33*8 

21.00 


.*05b 

2fe. 30 


.2177 

40.09 


.2177 

01,65 


• 1782 

70.60 


.1782 

45.04 


heat load ht a t flux 


PTU/SEC 

BTu/su.lH. 

47.923 

26.011 

15,097 

19.012 

26.423 

16.301 

27,34© 

14.235 

35,000 

15.723 

20,671 

11.0)7 

27.203 

9 . 9 a 3 

1 3.604 

1 0 . 0 7 0 

10,397 

1O.9J0 

3.642 

2.309 

4.613 

1.940 

1,709 

.791 

79b. 34 

796.341 


.150 

.013 

.620 

.121 

1.911 

.422 

6,023 

1.493 

0.313 

2.166 

7,766 

1.907 

7,009 

1.690 

5,430 

1.093 

0.902 

1.349 

4.520 

.650 

4.569 

.624 

0.025 

.070 


total 55,2145 total iiui.ur 

emwi total 5U074R total 917.472 


PROPELLANT SVSTEM analysis 


RCp 

6/4,003 

PSIA 

PCS 

34.405 P$TA 

*0p 

4,014409 

LB/SEC 

wOS 

LB/SEC 

WFp 

1 ,006364 

iB'SEC 

wF'S 

lb/sec 

WTP 

6.420774 

LB/SEC 

wTS 

LB/SEC 

MRp 

2.997004 


mRS 



E A 2 1 0<£,t>42 L H.s 
F R 2171,13 3 1 h 3 
F SL 2176,688 L Hs 
'"TOT 6,420774 L 0/SfcC 
1SPSL 334,030 SEC. 
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TABLE XXIII (cont.) 

TE$ t *0. 23«UBOl-0C-l42 r>UAL THROAT CALORIMETER CHAMBER JUB78 
dsname dthis coolant circuit heatfi ux program date dm-06»85 
TEsT mode II time 09, 32, 5*5 


UaTA PERIOD F$1 ♦ 9,52 SECS. TO FS1 ♦ 7,02 SEES. 


CIRCUIT 

CIRCUIT CIRCUIT 

coolant flow 

delta 

HEAT LOAD 

HE a T FLUX 

number 

surface 

KW 

lb/sec 

tehp 






area 


flow 

ORIFICE 

deg f 

RTU/SEC 

BTU/SO. IN. SEC 



SGI, JN 


MFTER 






PRjMARV 









1 


1.675 

,0934 


1.9231 

24,69 

47,460 


28,346 

? 


• 762 

.0551 


1.0384 

15.26 

15,694 


P0.596 

15 


1 .613 

.0844 


1.54/7 

17.08 

26.433 


16.388 

a 


1,921 

.0918 


1.8368 

15.02 

27,590 


14.362 

% 


2 . 2 ? 6 

.1432 


3.0411 

11.97 

36,393 


16,349 

b 


2.466 

.1735 


3.3256 

8.85 

29,429 


t 1 .924 

7 


2.736 

.0891 


1.5222 

17,93 

2 7,297 


9,9/7 

0 


1.551 

.0512 


1.0039 

13.02 

14, UO 


10.444 

9 A 


.999 

.2096 


1.3212 

8.62 

11,391 


1 1.414 

10 


1.491 

.0 399 


• 8400 

5.39 

4,527 


3,036 

11 


3.242 

.0512 


1.0870 

5.81 

6,316 


2 , 3 1 5 

1? 


2.262 

,0443 


.8305 

4 • u 1 

3.329 


1.4/2 

n 


1.000 1 

.7024 


32,294 

25.33 

617,9a 

8 

1 7 . 9a J 

SECONDARY 

SPACER 

23.06 

.0039 


.1785 

19,60 

3,498 


.152 

lA 


23.17 

.0037 


.1688 

28.50 

4,812 


.208 

t» 


20.50 

.0037 


.1688 

44, ?9 

2,065 


.130 

?B 


16.75 

.0039 


.1782 

43.89 

2.995 


.179 

?A 


10.34 

.0039 


.1702 

27,00 

4.825 


.336 

3 


11.74 

• 003 9 


.1773 

37.44 

6,638 


.565 

0 


5.195 

.0114 


.2906 

18.57 

5.472 


1.054 

5 


4.532 

.0052 

.2365 

.2366 

24,38 

5,768 


1 .273 

6 


4.034 

.0099 

.4449 

.4456 

29,53 

13.158 


4.262 

7 


5.939 

.0098 

.4432 

.4429 

39.25 

17,364 


4.528 

A 


3.908 

.0085 

.3844 

.3833 

36.42 

13,959 


3.572 

9 


4.146 

.0073 


.3315 

33,11 

10,978 


2,648 

10 


4.337 

.0053 







11 


4.969 

.0045 


• 2q5o 

40,61 

8,324 


1.675 

1?A 


0.597 

.0048 


.2169 

5e,B3 

12,324 


1.868 

1 


0.956 

.0048 


.2169 

87.36 

6.620 


.952 

13» 


7.317 

. 00 39 


.1775 

98,45 

6,237 


.852 

n A 


9.1«0 

.0039 


.1775 

63,30 

U.233 


1.229 





total 

55.8590 

Total 

1204,82 






F MW I 

total 

51.0448 

Total 

998.91J 







PROPELLANT system 

ANALYSIS 



pcp 

&/4 

,071 PSIA 


PCS 

28.553 PSIA 

FA 2111, 

043 

L«S 

wop 

4.930115 tB/SEC 


wOS 

lb/sec 

FB 2100, 

152 

L0S 

WFP 

1.5829 47 (B/SEC 


wF S 

LB/SEC 

F SL 2105. 

598 

LBS 

WTp 

6.412952 | B/SFC 


wTS 

LB/SEC 

WTOT 6,412952 

l B/SfcC 

MRP 

J.051555 


mRS 



ISPSL 328. 

335 

SFC. 


85 


TABLE XXIV 


Primary 
Circuit No. 

(D 


COLD-FLOW LEAKAGE MODEL FLOW FACTORS 

^channel ^outlet 
fi 



1 

2 

3 

4 

5 

6 

7 

8 

9 

10 
11 
12 



.790 

.716 

.918 

.743 

.471 

.437 

.867 

.686 

.704 

.600 

.640 

.578 
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IV, C, Results (cont.) 


Qvi 

Q, l* T i - <> - f i> < 4T x ' wf )] 


in which 

Q. = calorimetric heat load 

W. = calorimeter circuit measured outlet flow rate 
aT. = calorimeter circuit bulk temperature rise 
f. = leakage model flow factor, Table XXIV 

aT x = axial circuit bulk temperature rise 

w = axial circuit flow rate (P13) 

q 7 = axial circuit heat load for Mode II operation at the same 

primary chamber P c and mixture ratio 

This analysis assumes the heating of the outer part of the axial circuit is 
negligible in Mode II, and that the heat load on the inner part is the same 
for both modes. A review of the data indicates the primary throat was sonic 
in all Mode I tests, which justifies the latter assumption since the axial 
circuit is upstream of the primary throat. 

Heat fluxes reported for circuits P9 and Pll at the 
corners of the primary nozzle tip are estimates for the end wall obtained by 
subtracting an approximate side wall heat load from the measured total heat 
load. Side wall heat loads were obtained by analytically correcting upstream 
heat fluxes from circuits P8 and P12 for freestream mass velocity changes. 
Thus 


^end ^total ^ $ i A si 


ide 


circuit 


A side, in* 2 


9 

11 


0.961 

1.038 


8 

12 


0.998 

1.511 
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IV, C, Results (cont.) 


Data reduction printouts for Mode I are given in 
Table XXV, and the resulting heat flux profiles are shown in B-ll to B-24 in 
Appendix B. 




i 


RPT/BB0216 
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f£.S T '•»!* 246 I »hu 1 -0C** 1 1 o n'JAi. throat L Al,nk l is£ I £ K r. w a ! ' 6 1 h j 1 ^ 7.4 

OSnAHF. )l^Ib r'J"L ANT CIRCUIT HFATFlUx FROliHAM a I f 

TpsT 1 PRIMARY C'-iLf)^ t Ow LtA*AGF_ HpiotL Tl^t 00.59,05 



D A T A 

PFH’lO'i »* S 1 

♦ 5,52 

StCs. TD 

F SI 4 3. 

0 2 s F. c s • 



npCiiir 

r. .He 11 n 

ClPCuif 

COOL. Ant f 1. U « 

of; lt a 

hF. A T 1 (jao 

►n a 1 

M . ! i 

NIImHF * 

SU«F ACfe 

K 'v 

LB/StC 

TF. Hp 





ahfa 


p L U W 

ijHlp ICE 

D£> F 

RT'i/SfcC r> 

l *j / S 

• I . 


5 W . J N 


Mfc 1 fc » 






PR jMAR Y 









1 

1 .675 

. 0 P 4 '4 


1.5312 

41.25 

4 9 . V 5 8 

, 9, 

2 / 

. * *.* J 

? 

. 7t>2 

• 0 5 5 1 


.6O00 

2p • fc 4 

1 7.2 9 0 

fS 

. V 6 

% 

i • 0 1 i 

.OH-4'4 


1 .ioy9 

25.88 

3 1 ,009 

t ^ 


n 

l .92> 

. 0 P 1 3 


1 »5ub5 

2i.2« 

? 0 . 0 A 6 

1 - 

. iJ i 1 


2.226 

,19 32 


2.«»bb 

25,55 

4 9,8 ft >1 

1 7 

, ^ 1 0 

h 

2.96* 

. I? 4 > 


? . 7 3 0 c 

21 ,20 

4 '.257 

1 ^ 

. -? 

7 

2.736 

. 0 h y 1 


1 . 5 , 1 1 3 

2 7,2 4 

37,203 

1 7 


* 

1 . 35 1 

. >5 1 e. 


.Hh 73 

3<r * 7 1 

84.01V 

1 / 

m n * 

<5 

-j 1 . 47b 

• 0 '4 .) 6 


. 7,40a 

5 i, 1 0 

35,a)A 

1 3 

, 3 v: ^ 

10 

1 . aQi 

. 0 399 


• 7 .) 1 4 

4 7.pl 

81.511 

1 

• - / 

11 

4*2/12 

• 051c? 


,6'4 3 7 

32*12 

22.922 

S 

, /o !) 

1 ? 

8.262 

. 0 0 <4 4 


. 7 2 0 0 

3 3.51 

1 4 . 0 8 m 


• ^ H 

\x 

1 . no (J 

1 . 70c?P 


P 7.0 35 

4 *4 t 6 0 

1 208. 5 

\ <‘- 

> # w> 

SEf UNO akY 
SPaCK r 

24. 06 

. Ob'? 3 


2.3«Pb 

It 0, 1 

260,98 

1 » 


1 A 

83.1 7 

* 0 9 0 2 


*. lolo 

55.57 

1 72.37 

V 

. 

. i 5^ 

1 b 

2 •/ . *4 0 

. f>9n2 


3.1olo 

0 1 ,'46 

1 1 8.9! 

s 

. ~ 

?* 

16.75 

.0*66 


2.5 >00 

M a.P2 

113.93 

M 

• ? 


l <* . 4 « 

• 7 p 6 


,>.5300 

90.nl 

1 0 1 * So 

t 

# m ; ^ 

* 

11.70 

.05M i 


1 , 7 105 

5e , 35 

9 »j , A 9 3 

r 

.<?!#? 

n 

5. J PA 

.15.46 


2.1507 

21.75 

1 6 . 8 s 7 

w 

• w 1 ^ 

q 

1.5*2 

.1123 

A.29U 7 

2.3*82 

1 7,5<4 

J0.6O2 

r 

9 S ^ 

h 

0.0*9 

. 1 0 H 1 

1 . 9 7£P 

1 . 4»AP 

1 7,l»- 

3 9 . 0 «4 5 

i* 

# u .4 ’ 1 

7 

5. A *9 

• < - P 5 4 

1 .651 7 

1 ,bp»>9 

1 7.73 

3 A . 5 2 a 

;> 

. 7 

# 

4 . P 0 0 

. 0 7 >4 ? 

1 .6398 

1 .05! V 

18.39 

3". 4 7 / 

/ 

# / M 

c 

J . 1 a b 

. .1 9 1 6 


1 . b t 9 u 

12.73 

3 a . 0 1, s 

r J 

. ✓ H3 

1 0 

-*.44 7 

. 0 6 6 1 


1 ,9P05 

19.51 

3 b . 8 a 3 

C 


1 1 

^.P(SP 

.•>399 


1 , 3 u ‘J v 

8 8.70 

.<>5,480 

/ 

. / 

1 2 A 

' . 5 p 7 

, u 9 1 •» 

1 .h24h 

1 . f?2«!e 

, 1 O 

’>3.0 So 

F< 

# t: 


0 . PSo 

. 0 '4 1 v 


1.^222 

57, Un 

6 2 , 0 2 2 

1 

# S ;■> S 

MH 

'.41 7 

. 0 7 74 


1 .5-869 

65 , 8 5 

4 6 . t 9 0 

'5 

9 dd if 

lX A 

9 . 1 <1 J 

.0779 


1 .5309 

98.79 

6 7,6 98 

/ 

• <? ' u 




1 I .' T A l 3 

0.4 2 7 / 

r ( t a i 

2 9 2 0 . 0 ^ 





4- It. 1 

TOTAL oS . /6«.9 

T n T A ( 

?o6 9,5o 






P H 0 P £ t L A 1 S y 5TL.h 

A -9 A ( _ Y 5 J S 





p Cp 

5 15,32-4 

Pb I A 

pC b 

S • ^ 5 

Pbl 44 

f A 

5 M A # 0 ti Li { M s 

■40P 

4 3 7 a 5 1 * 

m 

1 M/sFC 

2i)b 

7 . U 6 '■* 4< 0 5 

l-fi/Sfcf 

y u 

y)HL | ,i<l/ t ** S 

»4F p 

# ? ^ 1 S 1 f' 

1 H/.SfC 

u> F 5 

,956505 

LH/sFC 

f si 

^Hc # V ,)o t H > 

"TP 

'yH.So 

1 b/SFC 

U TS 

b. 820971 

LH/&F C 


15/^0^. |//SK 

MRp 



mK b 

7 .80 3»v 7 


) SFSL 

.SEC. 
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r t c; r 

c' 5 '• 1 -f* i) t »(i i. 

- 1 W 

pwAl. | hwi i 4 T LAl.iikl* (• H 9 (• 

A M iK K 

J 0 8 7 

DSmA^E 

! 1 W I 8 


p 1 1 0 L A N 1 

f; Ik^Ul T wp atI'I '1* 1 

i ) a 1 ir 

1 0 *>• 8 

Tf- < T M ii' 

>t l 


P W I A- A k V 

C "l pf Lt)^ 

L t- il'il.C ' 

n 11 F. 1 T 1 1 ; f 

»<4,8l.O 


l-’.\TA f f- - 

J ( i *■ S 1 

♦ 7.51 

S c 0. i> • I • . 

► S l + t . 

* X vShUS# 


r i pu i • 

<: i h t , . t r t 

I t-’Cti I T 

t ' llj L A ! 

,T 

f 1 L T A 

nf A T L 0 A 0 

\ 1 1 - | 1 * 

Nl ( . M H i- n 

iv-'Kf A C fc 

p. t j 

L H / bf L 

T t M p 




A *3 a 


f i . ' 1 ■' 

' 1 f I LE 


pTti/AfcC H 7 . j / 

S'*. IN. SI 


■"» . T >1 


n* rp. k 





T * AL V 
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8 **.85 1 

i 

I • <> t 

. (4 > 4 


1.5P^1 
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? 

« 7 08 

. 
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eO.55 

*3, 184 

8 1,8)3 

/* 

1 . «P l 

.!)'•> 17 


1 . 5 a o 

£5»“i 

3 1 » 5 J a 

1 11 . 4 1 0 

fz 

8 .P?o 

. ! 4 >8 
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* . 1 ^ ,J 


1 - 7 S 

. 0 7 fi 7 


P.5.S5 0 

9a, ot 

1 8 f • 1 r> 

. s ^ 


104 

. . i 7^0 


S^Si/ 

a 4.73 

1 13.43 

7.9,*' 


1 1 . 7 a 

. i)S a<? 


1 .7i>^^ 

np , a9 

140.83 

4.1,1 

1 

3 . i 9 > 

.1530 


P. l«»o 

8 a » a S 

5 8 • 3 l .-I 

1 , ll 8 


4 . s 3^ 

,1183 


P. 3 Jit 

19.30 

43,039 

10 ." 70 


*4 • ■ ") *i 

.10 7 1 

1 .^7Prt 

1 .4*37 

a ;> * 8 s 

4 t . io9 

1 '..853 

V 

3 . -, V7 

.0933 

i . o5a t ) 

1.^733 

«? . p 5 

4 8. 8 8 1 

11.1/0 

) 

*1 . 9 < I f • 

. 0 7' / 

i . o y->i> 

I . 05^*3 

r a • 3 5 

a 0 , 8 4 a 

14.848 

> 

a • i u o 

. »9 l rt 


1 .di 70 

<^8.8 7 

■41.8 0 0 

9.4 J? 

1 0 

'MU 

. 0 t 7 1 


1.9807 


43,047 

I 'l , 3 p 7 

t 1 

'* . 9 b v 

,0U9 


1 . 3399 

3e .89 

4 4,1*8 7 

a . MpH 

1 7 A 

; .SO / 

. *.* > l 0 

i .^^a/ 

1 .oplu 

i c . o «? 

39, 3 9 4 

4 1 

1 

o. 4 9 ■> 

. ’.; o l 0 


1 . 0 P 1 a 

8 « . p 7 

98, ‘V 7 

0 .4/1 

1 A r 

i . 31 / 

. u 7 79 


1 . '■> h 7 9 

7 0,38 

4 1,49) 

9.7 3 4 

1 v- 

'/. i a o 

. :» 7 / 4 


1 .3p/9 

a 7 , 0 1 

7".077 

4 . 5 3 4 




iurA L 

p * .8 »^9 

i (i r A 1 

3P19.9/ 




f- m w ] i * n a 

o5 • 7 1 b 0 

Ir;. f *1 

p 8 8 u . 9 7 





‘-'PM. 1. 

a '» 1 S 7 is T fc 

p an* l V a I 

s 


P(.P * 

">8,38 4 PjlA 


tfs 2vT m '‘\ii PSU 

ft 4 3 u 3 , 3 8 1 

1. *•• 'i 

P P 4 # 

W v4 ■» 1 * t "/«jf 

1*. 0 5 7 • 

7i5f73 Ln'bEC 

M4 4 3 y >8 , 8 80 

! 9 3 

Alf- n . 

> / v « i ^ i m / h ^ C 

wl-S 1. 

0 9 9 17b L B / S E C 

tSL 4 33 7,1 “8 

1 '*S 

« To S # 

>S /H c / | h/sp L 

t>» T t> H , 

p9y,esi LH/stc 

v. T P T 1 J .45^00 

1 8/5EC. 

Mf, P J 

• 

1 / ;>S j *J 


4-aij /. 

0 9 1 7 j j 


1 s P b l. 3 u l ,« M o 

51- t.. 
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TEs* 

'40. 2381-HOl-OC 

-125 

n"M THRU a T C A l. 0 R X R fc, 1 F R ( 

2* \ s< H t K 

ji)678 

A 

osname othis 


CUU(..ANl 

C 1 k C 1 T HEATH"* 

prodram DAK 1 2 • 0 9 * 6 6 

w 

test 

MllUE I 


PKlMARV 

CULoELOw 

L E A K a (, t 

•* n 1) t L T 1 » ► '■ 7,66,20 



Data pfpioo Rsi 

♦ 4,19 SEES. 10 

F S 1 ♦ 

J.69 SECS. 



ClRCt 

! T ElRr.liIT ClRT.iiT 

Coolant Hu* 

UEL t a 

hEAT 1. 0 A| J ” 

E A I V L u A 


NUMBER SURmcE 

Kn 

LH'SEC 

TfMp 





aN F.A 


pLOw 

orifice 

OF 6 F 

P T 0 / S E C Bln 

/S I*. SEC 



SU. I M 


mETEP 






PR | M A t- 1 y 








1 

» .675 

.0934 


( 

31 .98 

a 0 , 6 5 H 

2 7 .9 7S 


? 

.7*2 

• i)5S 1 


. 9 1 9 1 

22.5t 

18.236 

2 3 .3m 7 


T> 

1.61 3 

.0844 


1 .3o 52 

24.21 

2 7 , 7 5 1 

1 8 , 4 0 6 


i\ 

1 .9? 1 

. 0 9 l 8 


1.5774 

19.56 

?4.m*3 

1 2.626 

\ 

s 

2.2?6 

.1432 


2.9102 

24.59 

0 0,9(3 0 

1 "> . 0 i. 5 


h 

2./ JfcH 

.1 7 >5 


2.5 4S1 

22.37 

36.720 

14.8M 


7 

2, 7 36 

.0891 


1 . t'hOo 

3o • 7o 

■JO .48 9 

1 J.481 

i 

A 

t . 351 

.0512 


.9939 

3 fl ,4P 

29.080 

21.957 


9 

2.376 

. .'458 


.7^5" 

55*61 

36 • 659 

12. 754 

1 

10 

l *49 1 

.0 399 

. 7 2 fo *5 

. 7238 

4 1,00 

25.042 

1 c.629 


11 

3.242 

.0512 

.9316 

.92^3 

34,50 

26.405 

8.160 


1 ? 

2.262 

.0403 

• T 2 1 1 

. 7?22 

3 S • a 0 

22. 0 6 5 

1 0 .0)6 


1 * 

1.000 1 

.70*9 


? 7.855 

43,70 

1217.3 

121 /.24 


SEr ONO A* v 








SPACf 

R 23.08 

.0995 


?.5w37 

13 3.7 

354, /2 

1 9 . 5 1 6 


i A 

23.1 7 

.09o2 


3.2351 

68.96 

223.07 

9.br 7 


18 

20.5 <j 

.<)9s2 


3.2351 

tU.f 

1 35. 8q 

”.829 


pH 

16.75 

.1)799 


2.5713 

9 3.47 

1 2 2 . 5 0 

7.5)3 


>A 

1 <4.30 

• 0 7oo 


2.5713 

46.8 3 

117.83 

8.21 7 


* 

U . 7 1 

.0582 


1 . 7fiOe 

72. t 2 

1 28.01 

1 1 . 9 0 4 


0 

6. 1 93 

.1539 


2.2094 

29,33 

6 4 . 7 1 0 

1 2 . 4 6 2 

1 

*> 

4.532 

.1125 

?.357o 

2.4488 

25.6 ) 

6 3.270 

1 3 . 9o2 


6 

4.034 

, 1041 


2 , 0 0 4 « 

3 0 . 2 9 

62.071 

16.3^7 


7 

3.839 

.0963 


2.261 7 

32.87 

7 - . 1 0 

) 4.276 


A 

3.9CB 

»07 o / 


1 . 7<»56 

2 7 . « 1 

an,/ 5b 

1 1 .4r,0 

i 

0 

4.106 

.0«l8 


1 . BB^O 

25.15 

47.615 

1 ) . 4 0 ■) 


1 0 

4.337 

.0901 


2.091 t 

24,?3 

5 • fc 6 0 

11.86 1 


li 

4.9*9 

,)> 3/9 


1.3996 

35.56 

48,972 

9.053 


i? A 

t>.RO/ 

.991 0 

1 .‘'Obi 

1.8786 

36.48 

0 9 . « 3 1 

1 '*.525 



6.9S6 

.0910 


t .* 785 

9 3.34 

4 9 . 5 -4 6 

7 . 1 e 3 


U» 

7.41 7 

.07/9 


1 .9537 

7 3, V* 

0 2,5/0 

S.B21 



9 . 140 

.0779 


1.833? 

4 7,42 

77.073 

4.4 76 





total 

63 . " l 1 0 

I fiT A|. 

. 3352, /« 





BMnI 

tut At 

P 8 . 8 0 9 2 

( n t .x 1 

3 0 7 1 , C N 






pROPElLAmT sYSTP.8 

A \ A 1 y * 1 s 



PCp 

i if> . 790 PS X A 


PCS 319,0 h 3 PS I A 

F ft 4703,048 

1 8.3 

i A 

whp 

4.205504 


uit'S 9. 

b78«/i LB/StC 

F« 4 7 2 4 . 3 5 0 

I 8 S 

A 

WFp 

.929499 t B/SFC 


uBS 1. 

4 1 2 0 Q 7 to/str 

F s L 4738.02/ 

! H, 'i 

: w 

WTp 

4.9/0953 | B/$FC 


fcTS 11 

.091 3 7 LB /SEC 

1 * T l) T l 5 . 9 0 6 > < 

I 8 / SEC 


MMp 

t,./oo795 


mRS b . 

662313 


1SPSL 298.75, 

SH. 
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TF$T 

. <J3H1.HU! 

• t) C • 1 2 © 

r» ‘ • A L THhijAl C. ALOKlHfc * E L 

C © A o H fc K 

Ji '8 78 

DSnAMK 

t I H I S 


fOUt anT 

CIRCUIT 

Hfe ATFi.UX 

Lwni»R AS 

DATE. 1 2 - 0 9*85 

TFsT mm 

IE T 


pRlMASV 

cdlde LOW 

L F aKaSL 

o n n e L 

TI i© 08 . 1 ) 1 , 31 


OAT A 

EFRlot' F St 

♦ 5.52 

SKtS* TO 

FSI ♦ 

© . 12 S fc C S • 


CIpC’U t 

circuit 

Cl P ft I T 

Coolant f ’LU« 

OF. Li A 

HEAT L'.)AO 

©E A 1 F l MX 

NUmBE^ 

SURFACE 

K ! *i 

LH/SfC 

TfcMp 




A K f A 


fL^w 

of if it e 

I'pO * 

©tii/Sec 

D 1 ' / S M . I O.SLC 


5U. V- 


mL TFR 





PP |hAPV 








1 

i • ©7b 

. .)9 3 <4 


1 , ©4©9 

34,5 3 

S ! . 7 1 5 

xu. © ;s 

p 

.7©2 

.obb l 


. V 1 a 1 

i © 4 M» 

2 0 . 4 a 9 

20.83© 


1 . M 3 

. 5 H i <4 


1 ,2H«5 

23,07 

2*.3l© 

is. 1 7b 

a 

! .9?1 

. V* ^ t * ’> 


1 .S7«0 

) 8 , ©9 

83.402 

12.182 

s 

2 . 22 © 

. 1 4 \c 


2 ,©o 2 b 

23, ©7 

<4 1 ,099 

1 8.4© 3 

* 

2 • 4 © H 

.17 0 


2 . 83 S 1 

2 3 » ( U 

41.441 

10.791 

7 

2.7 3 © 

,(.•»'» t 


1 . 2 7 u 9 

3 S . n 7 

*42. b© 3 

1 b . S 57 

ft 

i • xs i 

. 0 S i 2 


.8053 

3 7 * © u 

29,588 

2 ' .94 1 

Q 

2.37« 

. 0-4 St* 


. 7©5 1 

57,8© 

4 44,913 

19.427 

1 0 

1 .401 

. 0 39 9 

. 7 2 a o 

.7^30 

A o « -4 © 

24,93© 

1 ©.724 

1 1 

3.p«2 

. 1 >M«* 

532 

.92^0 

3© • 5 3 

8 8.954 

©.778 

1 ? 

8.282 

. .H< 4 > 

. 7 1 t»o 

. 7 1 H 1 

44 ■ 5 . H 7 

89. *3© 

1 0 .98 © 

1 1 

1 . r i 0 »» 

1 . 7<0'i 


8 /. 4, ->44 

'* 2 . os 

l 109. / 

1 1 «> M . ob 

SFr 01 ^ 'v© Y 







SPACt 

2 3 o © 

. 0©9b 


8 . aobb 

1 <1 0 , u 

349.2© 

t b. 14© 

1 A 

< h .yi 

. 09 ©2 


3.22IU 

71 .29 

229, ©1 

9 . Q l ') 

1 * 

. *5>* 

..) r 'r ,2 


<. 22 l‘> 

11 ©.© 

I 39.41 

© , © u 1 

in 

lo.7b 

. > * / n © 


2.5,9© 

1 0 " . 9 

1 2 8 . 1 0 

7 . 0 4© 

?A 

» 4 # X 1 

. » 7 r > 0 


2 ,SSfo 

So. 82 

1 30 . i'O 

9.0 72 


1 1 .7*4 

.US*** 


1.7722 

7 © , t 1 

1 34,88 

J 1.491 

a 

b. 193 

. ! 5 >© 


2 . 19«3 

2 7,7o 

©1 .Mb 

t 1 . 7 49 


a .S32 

. 1 1 2 *> 

p, OfeQ 

2.«3*2 

io . ) 8 

•7 3.^22 

10.245 

* 

't.'ixi 

. 1 1)4* 1 


2 .u/j 2 o 

3 3.98 

©4,404 

t 7.240 

7 

b.HV* 

. 0 '• s 1 


2 . 2 ilb 

29,79 

©0,492 

1 7. 32') 

A 

o.9|t8 

.07 o 7 


t .HO / 7 

22 . ©4 

38,437 

9.0 3" 

9 

4 • 1 o© 

. tiO 1 8 


1 .bet*)* 

88.b7 

54.4b© 

t 3.142 

1 0 

4. 3? f 



2.0822 

28, IS 

Sri, ©go 

1 3 . b i © 

1 1 

«.o©9 

,.)V»V 


1 .3927 

39,20 

47,03a 

9.b8© 

1 ? A 

o . 5 u / 

. 0 9 1 >) 

1 . * 9 7 4 

1 . 872 © 

4 1 ,05 

7©,07S 

1 1 .0b3 

1 ?” 

o . ’»So 

,.»9 1 0 


1 . * 7 2 © 

© 5 , / 4 

4©. 321 

*> .Ob' 1 

1 

7.31 7 

. u 7 /9 


1 ,0290 

7 © , b 8 

42,824 

b . © 5 3 

1 X A 

g . 1 ««• 

.©7/9 


1 .i* 2 <tt> 

bo, 35 

Ml .903 

8.9©J 





T 0 T A 1 82.04 74 T ( iTA ( 

3 392,85 





Efuvl TOTAL 08.9500 T(lTA( 

3 1 ^'.l 1 





pPOPFI.I. ANf SYSTEM A N A | f S T S 


PCP 

•1 4 3 . 3 a 1 

P5T a 

PCS 32 1.529 PS I A 

F A 4 © J v.3©" 

1 H S 

wnp 

4 . 459© Sb 

1 8 /SFC 

.os 9 , 9*0039 lh/slc 

84 4 7 O © . » ' 0 c 

l 

WFP 

. ©29922 

1 ©/sfc 

w F S 1,4 1 38 © 3 L 8 2 S E (. 

F SI 4 © 0 7 , / 1 r/ 

1 '«S 

Wfp 

y ’ 48975© 

LH/^feC 

wTS 1 1 . 35482 18/bE C 

WT'tl 1 ©,34b 5© 

1 

MRp 

0 * VI 225 


mW© 7,«» 2 f ' l 1 7 

T5P*Sl. 29«.2I ' 

^tc. 


92 




ORIGINAL PAGE IS 
OF POOR QUALITY 

T f 5 T nix 439l«nol»QC"t?/ 
SNA M t UThIS 
TEST wnut l 
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n"A(. THROAl LfiLORl^fchW { ►- a ■' ^ t. K 
COOLANT C i A: c 1 J i T HfcATfl'U t * r , * i, K A «v 
PRIMARY C'JLf'f’tOw LfcA*A3t f 'nntL 


Page 5 of 14 

J "6 7 h 
|| A J F I P-. 9 - 6 S 
Tift: < " . \ ') . 4© 



Oata p f R J n f> F s l 

♦ 5.51 sets* TO ESI + 6 . 

1 St c S • 


CIpC^U 

i i ^ci'i r 

ci*cm 

COOLANT F(_uu 

P ELYA 

iiMl 1.0 Ap rt*; 

A l f 1 . >.'X 

MliM 0 k.P 

SURFACE 

K * 

LB/SEL 

TE'io 




ARf.A 


FLOw orifice 

PEG E 

MTU/ Sfec BI U/S ^ I ^ • b 


3 tj . T Nl 


mETER 




PRT^A^y 







1 

1.675 

.0434 

1 , 0(1 ll 1 / 

31.74 

/J 3 , 3 9 8 

47.443 

p 

.7©4 

.0551 

• 9(j99 

40.95 

t 7.634 

4 > . 0 «■ 9 

% 

l.bl 5 

. 0 b y 4 

1.2766 

4 0.43 

R b . 4 / /J 

1 7.4^3 

Q 

t .941 

.041« 

1 .5764 

2o.?7 

4 9, 351 

1 4 . 0 7 H 

q 

4.420 

. 14 54 

4. bi><46 

44 . ?3 

So .486 

4 4 . 3 Q 1 

h 

4.‘lfB 

.1753 

2. *353 

2o * 4 4 

00.35? 

1 7.9 71 

7 

4.730 

.00 9 1 

1 .2706 

o , b 3 

‘6.054 

1 < . 7 1> 9 

q 

I .351 

.OSK 1 

.6019 

4 » . 9 0 

33,433 

43.1 1 7 

0 

4.378 

.0U5O 

. / bOo 

6 1 • 6 3 

U 4 . 6 1 6 

1 3.5/1 

10 

1 • <1 9 1 

.0399 

. 7269 .7247 

«7.5l 

48,94b 

1 y . a a 7 

1 f 

i.?«4 

.051*? 

.9267 .9214 

0 0,06 

30.680 

7.773 

1 p 

4 » 2b2 

. 0 « 4 3 

.7239 .7454 

9 4,45 

40,654 

1 '• . 9" ' 

1 * 

1.300 

1.7044 

47, *95 

43,76 

1 2 o 7 , 8 1 

4 6 *.*4 

SErOMD»HT 






SPACtR 

41.00 

. 0645 

3.4947 

104.9 

35/, 3 3 

1 3. *V1 

1 A 

45. 1 7 

,09b2 

3. 2467 

7 0 , 7 3 

4ol.la 

1 *'• . 0 0 6 

1H 

40.50 

. 09t>4 

3.440/ 

14 3.6 

1 5 / . 3 J 

7.6 6 J 

?» 

10.75 

• 0 760 

2 . 3 © 4 4 

1 t 3.5 

1 0/.04 

b ,''85 


14.54 

.0 766 

2.5*44 

55,85 

1 0 3 • u 9 

9 . 9 7 0 


n .74 

.0554 

1 ,7;4o 

35. 13 

13 1,07 

1 - 11 .6 / 1 

a 

3.195 

.1530 

4.4..19 

5o,34 

73,644 

1 0 . 5 * 4 

q 

4.532 

.1143 

?.349i 2.4iilo 

3 1 « 3o 

/ 6 . 5 7 ? 

1 * . <6 9 n 

h 

4.034 

.toll 

2.0014 

35.30 

7 4 . w n 1 

1 / . 6 3 

7 

5.8*9 

.0935 

2.4364 

35.45 

78,619 

, '.531 

q 

5.9<|8 

,i»7 o 7 

1 . o090 

4 7.4* 

a 6 , 3 5 0 

1 1 . 3 b 4 

0 

4 . i a o 

. 0 9 1 o 

l.rt/bl 

4o.96 

5 :, ,6/8 

1 4.44 3 

to 

4.357 

. 0 6 o 1 

2.0h5o 

4 6 , 1 7 

>0.3 >a 

1 4.561 

1 1 

4.9©9 

.0399 

1 . 3955 

35,00 

■16. ©5 J 

9.631 

1 > A 

o.5<>7 

.091 0 

,.6989 t.6704 

39,70 

7 1,330 

1 l . 3f- 1 

1 ? B 

o.9So 

,091 0 

1 .6704 

b 7 , b 4 

34.309 

7.326 

M« 

7.31/ 

. 0774 

1 . ••> V* 4 

8 1,44 

0 3.3 39 

3.95 0 

t t A 

9.1 uo 

.0779 

1 .6304 

54,5 1 

8 6,87l 

9. 3 




TOT Ac 62,0/4 1 

T 1 1 T A | 

3« *9.7/ 




E M w 1 TOTAc 6*».6(i66 

T n T A 1 

3534,30 





propellant STST£M ANALYSTS 


PCP 

<i'/4«2r?4 PS I A 


pC S 3©3 • /7b 

PSI A 

Fa 3313.004 

1 B3 

*0P *4 

. i.iOfc’ 75 i m/SFC 

w(jS 1 1 , 3 4 7 n 5 

L R / S E C 

f q 349 0. 1 4 ? 

1 H s 

I P 

.'j?o o 15 1, n / $ F C 

wES 1.6?ol5i> 

1.8 /SEC 

7 S L 3 30 1,763 

L H S 

WTP <4 

* 9©ap90 LM/5FC 

WTS 12.93380 

lr/$ec 

, T r < T 17,698*4 

(. R/SE r 

M Rp o 

• 1 

•3V 

hr* 


mRS 6.955633 


ISPSL 2 9 b . 4 1 *• 

SEC. 
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TErT NO* 238li 

osname dthis 
test MoUE I 


.poi.oc-ia* 


nUAL THROAT CAIORIHETER CHAMBER 
COOLANT CIRCUIT HEATHUX PROGRAM 
PRIMARY COtOFtOW LEAKAGE MoI)EL 


DATE 

TIME 


J0878 
12-11-85 
10. 12. 10 


DATA Period F s 1 ♦ 1.61 SfcCs. TO F81 + 1.65 SECS* 


CTrCUIt 

NMmBER 


pp jHARv 

t 

? 

t 

a 

a 

b 

1 

a 

qA 

to 

it 

i? 

it 

SECONDARY 

spacer 

I a 

1® 

?B 

? A 

3 

0 

5 

6 
7 
A 
O 

10 

II 

1 ? A 
1?« 

HR 

IS* 


CIRCUIT 

surface 

area 

so. IN 

1.675 
• 762 
1.61 3 
1.9?t 
2.226 
2.466 
2.736 

1.351 

2.378 
l.4pl 
3.242 
2.2 62 
1.000 


23.06 
23.17 
20.50 
16.75 
l tt ,30 
11.74 
5.JP3 
0.532 
0.030 
3. S3 9 
3.908 
0. 106 
0.337 
0.969 
6.597 
6.956 
7.317 
9.100 


CIRCUIT 

Kfc 


.0930 
.0551 
.0800 
.0918 
.1432 
.1735 
.0891 
.0512 
.2096 
.0399 
,0512 
_,04u3 
1.7024 




.0695 

.0962 

.0962 

.0766 

.0766 

.0582 

.1536 

.1125 

.1061 

.0953 

.0707 

.0918 

.0661 

. 03 " 

.0910 

.0910 

.0779 

.0779 


Coolant Flow 

LB/SEC 

FLOW orifice 

mETER 


1.8211 

.9539 

1.4456 

1.7586 

2.8933 

3.1546 

1 . 4 2 18 

.9«92 

1.1333 

,8o28 

1.0424 

,6oOS 

30,561 


.8015 

1.0451 

,8009 


,6090 


?• 1 030 


2. 9 282 

3.5821 

3.5821 

2.8067 

2.8067 
1.9712 
2.4383 
2.6978 
2.2652 
2.4806 
1,8737 
2.0771 
2.3159 
1.5070 

2.0690 

2.0690 
1.7949 
1.7949 


delta 

temp 

DEG F 


28,64 
24.39 
22.70 
19.«0 
29,|2 
25,66 
35,91 
37.24 
45.74 
42,79 
36,48 
40,41 
38, 09 


128,6 
66.75 
lit. 8 
106,0 
53.28 

82.44 
34.79 
30.00 
33.62 
34.79 
27,71 
24.43 
23.33 

32.45 
35.15 
57.41 
73.02 

48.84 


heat load heat Flux 
0TU/SEC BTU/SQ.IN.SEC 


46,654 

19.374 

31,110 

27.622 

62.244 

55,410 

08,303 

32.373 

47,015 

29.739 

32,634 

27.495 

1176,0 


376,08 

239.10 

161,00 

150.10 
151,68 
162.50 
84.823 
80.942 
76,157 
86.302 
51.920 
50,743 
59.020 
50.197 
72,729 
06,055 

43.413 

87.652 


27.853 

25.426 

19.287 

14.379 

27,962 

22,453 

17.669 

23.9b2 

17.016 

19.906 

7.839 

12.155 

1176.37 


16.326 

10.319 

7.875 

8.963 

10.577 

13.804 

16.339 

17.860 

18.879 

22.980 

13.286 

12.239 

12.956 

10.102 

U.025 

6.621 

5.933 

9.590 


PCP 

WOP 

WFp 

WTP 

MRp 


TOTAL 91.9587 
FmwI total 76.7389 

propellant system analysis 


Tqta l 3662, e8 

total 929,869 


088.669 

PSIA 

PCS 

0.326728 

lb/sec 

wOS 

009953 

lb/sfc 

wFS 

0*936681 

LB/SFC 

wTS 

7.093540 


mRS 


401.757 

12.844 2 2 

1.698763 

14.54298 

7,560922 


PSIA 

lb/sec 

lb/sec 

LB/SEC 


FA 
FR 
F SL 
KfOT 

jspsl 


5806,622 
5781 ,793 
5794,207 
19,47966 
297,449 


t BS 
LBs 
10S 

l 8/SEC 
SEC. 
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TEST no. 

1 . *> '< 1 « ^ >> 1 

-OC-1 Vi 

n l] A L THHfiAi (. a L o w i m ^ T r w 

r.'A M 6fcW 

flih / M 

OSnAHE OTHTo 


rUOLAMT ClKC^iT 

Mfc AT E'l. OX 

PR OGHAM 

0 A 1 p: 

85 

Test Mn 

1 


primary culdFlOw 

LFaKai.F 

Mnnt l 

T I f,, fc 4» M ♦ 1 ^ * 

1 1 


Oat a 

pfwioh p s 1 

♦ 5, S3 SECs. Til 

ESI + 

0.0.3 bt C S • 



CIRCUIT 

( IKCHIT 

C I RC*J I T 

Coolant elu« 

OF L T 4 

MtAl 1 (lAj 

A I H tix 


number 

SU»FACfe 

Km 

L^/SEC 

TEMp 





A A 


PLOW ORIFICE 

DEt F 

4 TO/Sfcc 

H 1 U ✓ S w . T r .bt C 


S U . y w 


meter 





ppjM APy 








1 

l,h7i 

..>93/4 

1 , ft a 2 t 

27.75 

49.8o9 

? 5 # * » * s 



. 76c? 

• 0 S S 1 

.8*99 

2 1 ■ H H 

14.411 

)*> . * J s 



t.ftl 5 

. (1 H 4 4 

1 « 3 1 2 c 

4 9 . H9 

2 4 . i 2 1 



4 

1 .<J?i 

.UPlH 

1 .Snft9 

14.82 

J 9.922 

\Si 9 


5 

^ • ??8 

. 14 42 

2.62‘> 1 

23. SH 

4 h . 7 4 S 

1 ? . ■* 


6 

t.'lh i* 

.17 43 

2.8*0 1 

2 1 • ft? 

.4 3 . 11 0 7 

| 4 , c? ‘ 5 


7 

2.73o 

.08? 1 

1 . 3i) U 3 

29,22 

43.118 

If / 


ft 

1 «3St 

.051 2 

. 931 1 

32.35 

? 3.258 

1 ^ . f*. v h 


9* 

2.378 

• 2U‘»0 

1 . Of) 33 

u(l,ptt 

33.453 

1 d . e* ^ 7 


*9 

1 .40 1 


. 7 408 .??eo 

37,54 

22,30 4 

1 S # O'-VU 


It 

5*242 

.051? 

. 94 1 <4 .9395 

34 ,o2 

2 ft , 3 4 4 

■*> . 7 *4 7 


1? 

2.262 

.044 3 

.7^19 ,??17 

49, 7* 

2 3 • 0 4 ft 

l „ U S 5 


17 

>•00 0 

1 . 1 0 2 4 

?7,b54 

39.53 

1 1 ft 1 , (l 

1 \ 'J ! # ^ fi 


SECONDARY 








SPaCE^ 

<2 3.00 

.0695 

2.t>4 73 

129.7 

383.26 

l i 


t A 

/ 

.09f>2 

J.24U? 

ft9.SU 

22 6,1 t 

^ , 7 ! 


i b 

2 '>.50 

.09ft2 

T.PuO? 

112.7 

1 49. 1 2 

0 . 7 !3 7 


P B 

10.74 

. 0 7fto 

2.5/31 

U-2.2 

1 2" . 49 

7 , ft n 


P A 

10.34 

. 0 7oo 

2.5 F3l 

^2 . 2 7 

1 44.50 

^ # > r 1 - 1 * 


7 

11.74 

. 058? 

1 . 7hSi 

7 9 , 7 8 

1 42.42 

1 / , 1 5 < 



*5. 1 93 

• tss* 

2 . 2 l 4 ft 

34« 1 « 

74.478 

|i % 1 4 ^ 


s 

1.532 

.1125 

2.3547 ?,««Ufc»(: 

30.8/ 

7 3 . 3 M 0 

\<> m o n 


(S 

■*.034 

. 1 OH l 

2.0434 

3 3.94 

0 9 . 9 0 4 

» / . p 0 s 


7 

4.839 

• 0953 

2.243c 

3 3 . h 8 

7 3 . 5 4 ft 

l u . c ? ^ 


ft 

5.9oH 

. 0 7o ! 

J • 7 (> 3 3 

2 ft, 4 1 

44.82*) 

t 1 # 3i O 0 


0 

4.1/10 

. 0 <4 1 8 

1 . * 8 ' 8 

2 7 . 1 4 

5 1 . 9 7 ft 

1 ^ \ ' ) 


*0 

4.337 

. 0 8 0 1 

2.0929 

2 r> . 4 ft 

S3 , 38 1 

\ rr w 7 O * 


l! 

“.9ft 9 

.03 44 

1.3991 

3 3 • 9 0 

4/.43« 

# S #4 0 


1 ? A 

0.597 

,(141 “ 

1 . 9 •) 2 1 1.8836 

30.39 

72.40 1 

1 ./ # f v / S 


1PB 

t'.43p 

.04 1 " 

1 • OftSH 

#-3.i»9 

‘10.38 1 

v» , r. 9 / 


MB 

7 .4 1 < 

, 0 7 74 

1 .02 '2 

7 2,45 

11.154 

S , r. a 


MA 

*•14*' 

,0779 

1 .h?/2 

4 / , | ft 

to, m 3 

« # * V h 



1 M T A (_ 

ft 3 • 4 0 5 1 

1 1 1 T A 1 3 2 ft • . 0 7 

Fulfil T 0 1 A 1, 

ft9 . 1 3*5 

If.'TAi 3t(«5.|8 


System ysjj, 


PCP 

/; ’ / il , 1 5 H 

Pb I A 

dC S 

327.29.4 

PS I 4 

FA 4Hf»2.1?M [ r('j 

F R 4HUI- . 1 15 |I «5 

HOP 

3.4S30U4 

1 H/sFC 

vi«S 

9.94Un 0 4 

1 Fl/SF f. 

HFP 

1 # 14 35 .4 4 

LM^Sf c 

S 

1.42^520 

1 M/3F ( 

F St 4651.142 | H‘S 

WTP 

MRo 

4 . 3 9 0 5 7 8 
3.”’9ft27 

1. m2 SEC 

v-TS 

M»S 

1 1.309 | 9 
ft. 958080 

l.H/SF C 

-TDI 15 . 9 0 8/7 I^/SEC 

1 S P S 1. 30 5,847 ,s t (; . 
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TE^T hif' • 

, 236l-Rt>l 

• nC • l 3 1 

nUAC THROAT CALOHI^tU K 

CHAMOtR 

J 0 6 

OSnA m E * 

) 1 r l S 


r OOL A rjT 

CIRCUIT 

HEA T F | iiX 

PROGRAf. 0 A T t 

1 2-09- 

Tf$T M n->t l 


PRIMARY 

C Ol. of Low 

LEaKaOI 

►•ontt T I * • t 

** 6,21 . 


'? A T A 

Pft'I'TC' F.S1 

♦ ') t S^ 

otLS* To 

FS1 ♦ 

o . 0 2 3 1 (.. S • 


CIpCUlT 

CIRCUIT 

t T wf'll 1 

Coolant p i u* 

DELTA 

MF. A 1 1 .)A£> 'FAT F i. * I X 

NUMBER 

Sl'Kf- ACfc 

Kd 

LR/SfcC 

T£Mp 




A«t A 


PLOW 

oh If ICE 

DE(. F 

nTU/bf.c BT i. i / s u # ] n*S' 


3iJ. Tfj 


m t T F R 





P RyMAtfV 








\ 

i .675 

,||9 »« 


1 .oa*49 

50. i.p 

51.306 

S *■ . t »6 0 

P 

. 7*2 

# oSS 1 



2 S,/a 

10,6 0 0 

2 *. '■*> " 

T 

1 . 6 1 3 



1 . 3 o 7 ” 

2 « 

31.172 

19.325 

n 

1 .9?) 



1 ,5M» 

20 .?«‘ 

29. 5l u 

1 3 . 6 u 2 

<; 

2 . -i ?6 

. ri 5<? 


2.b V 3i 

2 3.1b 

11 .0 32 

1 8 . 792 

6 

r . a h h 

. t T SS 


2 . *500 

1 H, K, 

il .^03 

1 2 . 9o 2 

7 

8.73 6 



1 . 3 0 7 « 

2 »i.i. 5 

39, 333 

1 2.5 4 9 

A 

l . >5 1 

.0512 


.9J69 

3y . 3 3 

2 3 « 9 «; (> 

1 7.7*16 

pA 

e. J7« 

. 2 C'-?» 

1 . 118 '? 

t •! i**** 

3 7.91 

3?. ‘?/3 

1 5 . ? 1 1 

1 0 

1 • 49 l 

. oj‘»° 

• 7 ? 6 ,? 

• 7?o / 

32. S3 

19.713 

1 5.221 

l i 

3. 242 

• 0 5 I e 

. 9 0 to 

.RjRn 

28.C2 

22 . 6 0 / 

5,036 

i ? 

f.26 2 

. r. u J 3 


*7 , a t 

3t .SL 

1 *i,529 

6.191 

M 

‘..in >) 

t . MrN 


27 , 7 3o 

*<0.91 

l 1 4 4 w 7 t 1 5 '4 # t> 6 

SEr |jK,n * 1 

>> 







s pace* 

2 3.0 •’> 

. 0695 


2 . 65 O 0 

1 o 2 , 3 

2 7 1 , o7 

U .781 

1 A 

23.1 7 

. 09r>2 


3.23*4 

52.77 

1 7 0 . 6 H 

'.3 7 5 

1 B 

20.5') 

. 09 >2 


3.23*3 

B9 , on 

1 0 6 . 5 0 

5.195 


Ip.75 

. 0 7 *> *» 


P.t> 70 o 

p 1 • A 1 

1 " 1 . 0 0 

6.050 

? A 

> o.30 

. 1>7o6 


2.5/06 

'<1.97 

107.68 

7.523 


l 1 . 70 

,cs «2 


1 .7f4«2 

0 0.20 

lto. S5 

9.759 

a 

*>. 1 ^3 

. 1530 



26 , 1.0 

5 7.67(1 

1 1 , 1 oS 

5 

0.532 

.1125 

2.3556 

2 .ohr 1 

25 . ‘?7 

63,531 

14.018 

6 

«.03« 

. n* i 


2 . U o 0 3 

28.1 <1 

57.339 

K.fl ' 1 

7 

3.H3<9 

. 09)3 


,>. 2)1 i 

26.1 7 

56.601 

15.260 

A 

4.9,lB 

.07;}? 


1 . 7 1 to 

19.93 

34.910 

*1.6/7 

P 

o • 1 « n 

. 0 « 1 « 


l .6 /ol 

2 0 . H 3 

39 , U 8 b 

9.027 

10 

a • 3 3 ? 

. t) o t » 1 


2 . 0 o 2 o 

1 9 , M I 

al ,00 3 

9.556 

1 1 

0. 

.03 4 V 


1 .3979 

2«.9* 

30 • *722 

' . 9 ? H 

lpA 

'>.597 

. 1)0 l •' 

1 .* 02 * 

1 .6866 

29.21 

55.11 0 

6.35’* 

t pH 

0.956 

. 09 1 '* 


1 ,*A96 

0 7.22 

33.970 

‘4.664 

1 *B 

7.317 

.07/ '? 


1.0231 

5« • 7 0 

4'l.oSl 

<4 # 1 7^ 0 

1 ^ A 

9. 1 ,|0 

. 0 7 / * 


1 .6231 

35.65 

sa. 19a 

?> * 3 6 7 




TOTAL 

63.0y5o 

T 0 T * 

»L 29)0 , 6 




Fowl TCITAi, 

fep. 3 7 M o 

liiTA| 2723. <1 





P^UPELL AMT sYSTfcrt AoA^VSlb 


PTP 

i) , 7 t PSU 

PC5 ?vm , £ u 2 P$I A 

Fa 056-3 . 50 1 

t os 

WOP '* » 

4 lb 7c 3 l b/.SFC 

w 0 S 7. 

y <>3 1 1 i LR/StC 

F« 0 5 6 ? , 2 o* 3 

1 

WF p 

f M/SFC 

u>'& 2, 

4605/3 L»'StC 

F<; L 0575.6/ < 

1 H s 

WTp S * 

>5 / ft » 5 | h/sfC 

i b o. 

3B7r.No L R / >S t C 

r- T n T la. 0055s 

1 H/SF C 

MRp b # 

n < ;m 


mHS 2. 

9 3t>Hu 5 


1 SP<51 319.75 a 

S fc C • 
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TE$T Mr, 


• 0C-132 

r> |j A t THROAT CAL iiK'JMfc If p r 

h 4 M .} t 0 


OSmAME L'THIS 


COULAnT 

CIRCOI T 

HE ATE LUX 

program date; 

l 2 - 0 9 

TgsT MODE 

1 


PRIMARY 

culdelo* 

LEAKAGE 

model t I 



U AT" 

PFRlon p- s 1 

♦ 5.51 

SECs. TO 

ESI + o 

.01 stcs. 


CIRCUIT 

C IRct'l T 

CIRCUIT 

Coolant eil |W 

DEL j A 

Mfc A T L O^t 't Mt t T \r t. * * 

number 

Si'Rp aCE 

K W 

lb/sec 

1 fMp 




A *EA 


pLUw 

OR I f ICE 

CE ( > F 

0T'J/SfcC BHi/SJ.I’,. 


oW.TN 


mEIER 





prt m ary 








i 

1.675 

.0934 


1 . 5 J 2 9 

2-1.41 

i 2 , 5 1 (. 

1 ^ :» , l 4 

? 

• 7 6 c 

.055) 


, 7 7 3b 

I9.lt. 

1 1 . / 6 6 

t S . '4 j \ 

3 

1 .613 

. 084 4 


1.1099 

17.29 

1 9 . 2 l u 

ll. y 1'« 

a 

1 .9?1 

.09 It) 


1.4 395 

13.60 

1 4 . 4 i 9 

7 . 5 4 1 

5 

2 • 2?6 

.1432 


2.3054 

2o , ?5 

30,7 1 7 

1 3.709 

6 

2.400 

.1735 


2.59 4 4 

17.97 

2 0 • 2 1. 0 

1 1 . ft *1 4 

7 

c . 730 

,0«91 


1.17 7 4 

25.88 

2 0 , 2 b 4 

1 •*.5.38 

n 

1.351 

.05W 


,047b 

28.23 

2 ",223 

1 4.0^9 

OA 

c. 370 


1 .0030 

,9b io 

34,4« 

29, 0b 3 

1 1 ,2.> / 

10 

1 .4<U 

,0399 

.6557 

.665 1 

31 ,79 

1 7.435 

1 1 . 0 ft 4 

l i 

3.242 

.0512 

.6503 

,6444 

2 7.5/ 

19,0 4 0 

4.4 62 

1? 

2.262 

. 0 1\ 4 5 


.6499 

30.93 

1 ft. 20 2 

/ . 1 ft 6 

13 

1 . 0 00 

1.7024 


25,154 

36. ft 3 

9 0 b , 1 9 9 

1 0.1*6 

second ** i 
spacer 

2 .3 Ob 

.0695 


2.4103 

100.5 

261.09 

! < . J4* 

1 A 

^.17 

.0962 


2.9409 

54,77 

1 ol .52 

0.9/1 

1» 

20.5" 

,09o2 


2 • 9 4 0 9 

8 9.0b 

1 0 l . 1 0 

ft . 4 s 2 

?H 

1 ‘>.75 

. 0 7 0 b 


2.3-4 1 1 

0 4.04 

95.452 

5.0ft9 

P A 

1 4 . 3 4 

. 0 7 6 6 


2.341 1 

43, ?7 

t "1 . 30 

/ . I'ftO 

3 

U ^74 

.0562 


1 .0225 

65.02 

100,79 

9. i>9 8 

0 

*>.193 

,153b 


2.0 1 7 0 

26.09 

5 4 , 2 i 9 

1 4 . ft ft 4 

s 

9.532 

.1125 

2. 1 47 o 

2.2221 

27.85 

61.006 

1 3 . 6 s 5 

6 

4.()34 

. 1 tl6 1 


1 .051 0 

20 .26 

52.537 

12.9/4 

7 

3. 4 

. 0 9 5 3 


P.ourfo 

26.56 

54.2 37 

14.1 20 

fl 

j.Oflti 

. 0 7 0 7 


1 . 5 4 7 6 

20 .60 

31 .074 

*5 # \ r 1 

6 

. 1 4 r. 

• 0 1 H 


1 .70 7 1 

20.34 

s 4 , 7 2 4 

5.3 75 

10 

‘.33 7 

. 06b J 


1 ,9o2o 

20.05 

30.150 

* . /9b 

1 1 

4.9fc9 

.0.399 


1 .2729 

23,21 

29.539 

5.4a5 

1 ?A 

9.597 

.0910 

1.7319 

1.7104 

20. 72 

J 7.359 

7.4 62 

IPB 

'’.95 0 

.091 u 


1 . 7 |04 

45.4 7 

2 0 » 7 7 0 

4 . 1 36 

H0 

7.317 

.0779 


1.4754 

52,14 

27.9-49 

'.•V') 

13 A 

4. 1 4d 

.07 79 


1.4759 

33,21 

49,000 

0. 3-2 




total 

75.7803 

r 1 1 t a , 

25 12 . 1 s 




E m i* i TUT^L 

03.174/ 

r 1 > t a 1 

2 30/ ,05 





PROPELLANT S y STf m ANA| YsTS 


pcp a 1 4 

,221 PSlA 

PCS 276.769 PS 1 A 

Fa 4075.712 

1 H S 

RdP 2.009029 1 B/SFC 

w OS 0 • 

o523v)S LM/5EC 

eh 4 0 5 / . 5 1 0 

1 8 6 

.Wfp /•# b 5 h u « t d/SEC 

ujf- S 2 , 

253344 Lb/SEC 

F 6 1 4 ‘J 6 ft . b 1 3 

1 0 S 

*W7P 3.05io76 1. B/cpC 

wTS 0. 

905oj 7 LB/StC 

* T 0T 12. /59i2 

l 0/St C 

MPp 2.990221 


vRS 2, 

9521Q2 


t$PSL 310.717 

sec. 
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Tf$T ••(!), 

^ 1 «fi f l 1 • 

0 C-* 1 <4/4 

r>l' AL [HROAl CALi)«I^pTf-R 

CHAMBER 

.100 7* 

OSnAME "T 

■ ' I b 


p 0 0 1 AN! 

CIRCUIT 

HEATM (I* 

program 

14 A ft l 2 - 1.1 9 - 8 5 

TE*T 

l 


PRIMARY 

colot LO* 

l E A K A l .i E 

mqiie l 

rjM4 0 *. 32.11 


data i 

FWl'IM *• ft 1 

* 5.51 

secs* Tn 

FSl + 

* . ol b E C S • 


C loci' IT 

c 1 Red T 

riwc 'it 

C not ANT F'lO'.n 

DELTA 

ME. AT 1. 0 A 0 

>14 & 1 f t. iJ x 

num«em 

SuKf: ACE 

K 

t.R/SE.C 

Tfmp 




ARF A 


fl Ow 

ORIFICE 

Of-G f 

p ru/SEc 

HT'.i/s'J.T V.SEC 


S’-j.in 


me ter 





PPT M A fc V 






31.221 


1 

1 .*75 

.09 5-4 


1 . 6902 

2 0 . * o 

,-*.*49 

2 

. 78<? 

.0551 


,9ti 59 

1 <4 • 2 * 

1 0.595 

13.9 < 1 0 

1 

* -* A ^ 

# 0 H i\ *i 


1 • 5 5 d 1 

i u . i 

1 7.9a 0 

l 1 . 1 22 

n 

1 ,9?1 

.09 19 


1 . 9 1 7 0 

10.57 

1 5. 5o2 

0.9*8 

s 

2.22o 

. 1 0 32 


2.9*30 

15. M 

27, 512 

12.270 

h 

2 . '4 * * 

.17 45 


? . 9(1 9 9 

11,4-7 

19.74*1 

0.0(8 

i 

2 . 7 A* 

. 0 B 9 1 


l • 32 32 

1 *.05 

1 9.2 1 2 

5.925 

» 

t . *51 

.0512 


,9i55 

15,00 

ll.09i 

8.002 

qA 

2. 47B 

,20S»o 

1.1559 

1.1353 

19.21 

10.709 

7,490 

1 ft 

1 .40 1 

.(•599 

. 7 S ? 0 

.7519 

10,0* 

11.191 

7 . 5 u 0 

t 1 

3.202 

.0512 

.9591 

.9500 

19,51 

1 5.33* 

2 . 1 0 3 

1? 

(‘•Pnd 

. i) >4 4 5 


.7,400 

2o ♦ 5* 

jo.071 

7.050 

t X 

1 • 0 0* 

1 . 7 0 2* 


2*. 1 0o 

27.52 

775.oa 

7/5.8 48 

SFry KinAWy 

SP*CFk 

23.00 

.0*95 


2.0*50 

.3 , 0 7 

9.775 

.020 

1 A 

dl.x i 

.<J9o2 


5.23 12 

55.50 

1 72,80 

7.0*1 

1« 

2').s 0 

.09*2 


*.2312 

7 5.5* 

80.0*0 

5.1*4 

?H 

19.75 

.0 7o* 


2.5 0 51 

0 0.9* 

70.020 

0.200 

? k 

I'l.F'l 

,<*7r,o 


2.5*51 

53.55 

*9.000 

5.990 

X 

11 .7*4 

.(>5*2 


1.0017 

5 a. 0 5 

97.3*7 

0.297 


■3.19* 

.1559 


2.2<)5o 

21 ,21 

40.779 

9 . 0 1 , H 

* 

0.532 

.1125 

? . 3 7 1 9 

2.0519 

10.30 

05.021 

9.9 30 

A 

'» .0*1 

.10*1 


2.0911 

IH.o 0 

57,030 

9. 520 

7 

4 . 0 * > 

.095 4 


2.2575 

18,01 

5 7 ,0 08 

9. ft5-> 

R 

3.9<>0 

. 07*( 7 


1 . 7(ib 7 

12.80 

2 1 . 5 o9 

5.5 0 -4 

0 

l. 1 <40 

, 0 9 1 * 


1 . 9 1 7 1 

1 5.95 

20,7*45 

9.051 

1 ft 

0.3*7 

. 0 * o 1 


2.0509 

15.27 

27,220 

9.27 8 

l 1 

'4.9*0 

.0*99 


1 .3900 

1 8.39 

22.942 

0.597 

1 pA 

o.S9 7 

. I' 9 I 0 

1 .9 05* 

1 .92 7*1 

19,2* 

* 7 , 0*4 

5 . b 2 1 

1 ? H 

o.95o 

.091 0 


1 .9? 7o 

51.95 

20,085 

'.520 

MH 

7. Ft 7 

. 0 7 79 


1 .Or>'>0 

3 0 • 0 7 

20.5*8 

2.8 iu 

1 lA 

9.1/40 

. 07 79 


1 . c * 0 0 

22.2/ 

39. '//B 

’4 .048 




T 0 1 At 

*4 , 0800 

1 r T A} ) t\ ? 1 , a 0 



f-cwJ T<>T A L 87.67*0 F i • T A | 1/30.91 


pWOPELlAMT $YSTem AnA| VSIS 


Prp 

* »9 . 3 SR 

PS 1 A 

PCS 

1 78.9*8 

PS I A 

Fa 

2*2 5.04* 


wnp 

2.051001 

I h/SFC 

wOS 

0. 1295 <4 7 

LH/SEC 

E » 

2*10.152 

i.HS 

Wf D 

1 . 11 7 7 7 1 

1 8/5F C 

*F R 

1.37174* 

lr/sec 

FSl 

2 * 1 9 , 4 l 4 7 

I H ^ 

WTP 

809452 

1 0/SFC 

h TS 

5,5012*1 

LR/Sf r 

, tot 

9.37073* 

I.R/SEC 

MPo 

2 * *’ 4 1 f 8* 

• 


mRS 

3.010059 


1SPSI 

3 0 0.42 9 

SEC. 
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DUAL THKI'aT C A l. I'M I K lr. ft* CH/\ 'bLK 
fCH'LAuT C I ^ C 1 j I T HtATFl.UA P»n(,KAA 
PRIMARY CULr.FLDH L L A K A (> F 


jl o / fa 

(•Alt 12 -u 9«85 
T L "t. ; ) - . s 7 . 4 S 


Data DA-PJon F s 1 ♦ 5,53 $ECs. in FS1 ♦ btCs. 


CIRCUIT 

NUmBE« 


PR|MARy 

1 

? 

3 

4 

5 
A 

7 

A 

OA 
1 0 
I 1 
1? 

1 3 

SECONDARY 
SPACER 
1 A 
IB 
?R 
? A 

3 

a 

5 

A. 

7 

« 

<J 

I ft 

II 

1 ? A 
1 ? H 
l^B 
M A 


<" IRCUIT 

Surface 

■^EA 

SU. IN 

1.675 

.762 

1 .613 

1 .921 
2-226 

2 « {| fa 6 

2.735 

1.351 

2.378 

1.461 

5.202 

2 . ?bi* 

1 , 0 ft 0 


2 3 . o 6 

23.17 

2 9. So 

10.75 

M 34 
11.74 
5.193 
4.532 

4.034 

,i.«39 

i.9ftfa 

4.140 
4.337 
*.9fa9 
fa .so/ 
o, 95 fa 
7.317 

9.140 


c I wet i r 

K W 


.09 34 
,055 1 
. 0 H 4 4 
.0914 
. 1 4 3 if 
, I 735 
.0591 
,0512 
.2099 
.0399 
. 0 S 1 <? 
.044 3 
1.7024 


. 0fa95 
, 0 9 q 2 
.09r)2 
.07 fab 
. i)7 06 
.0582 
. 15 30 
.1125 
.10 81 
.0953 
. 070 / 
. U 9 1 h 
.06 fa 1 
.0 399 
.09) 0 
. 0 9 1 V» 
.0779 
.07/9 


Cool am Fi o* 

LB/SFC 


Fl. Uw 

mETFR 


1.1377 
.7519 
.951 3 


>.Jb92 


1 .9o 11 


OR IF ICE. 


1 ,092fa 
.9,, 44 
1.350/ 

1 , fa 1 2 o 

2 • 9 6 2 6 

2, 9, '24 
1 . 3 1 1 4 
. 9 u 3 5 
1 . l£'/t 
• 750 c 
.953<r 
, 7 4 Dfa 
?«.o45 


?.65B8 
3.2265 
3.2205 
?.5fa2? 
2 , 5?>2 7 
1 .799/ 
2 . 1*79 
a. “489 
2. 1 0'>i 
2.2553 
1 . /o55 
1 ,9|5fa 
<>.04 q » 
1.3941 

1 * 9 (j fa 1 

1 .9,,fal 

1 • fa5fa g 

1.9599 


OF L r A 

h E A 1 l. (j At; 

h y a r ► i * i 

T t Mp 
l)p. fa (- 

6 TU/SlC 

B 1 4 1 \ . 

23.96 

35.6) 3 

2 1 . 56 1 

20.79 

15,365 

2 4 . 1 *•“! 

1 fa , 0 5 

2 0 , 1 48 

1 2 . 5 2 fa 

1 1 .«9 

15,032 

7.09 6 

18.61 

50.71/ 

1 3. / 44 

1 0 , 5fa 

20,827 

1 , fa e 7 

1 6 . 9 6 

1 4, 9 36 

7.2fan 

20.72 

1 5 , 56o 

H. 53 / 

29.92 

29. OBJ 

i 3 , 458 

**6.39 

15,746 

1 54 4 

29.6b 

23,06 1 

3 . 6 <! 2 

39 , t> 1 

25. lot 

1 1 . 1 8 3 

31.77 

89l.it 

6 9 1.1)4 

11.88 

31.534 

1.3/8 

72, 72 

259.62 

1 . 1 2 '> 

1 02.2 

95. USh 

J . 6 3 / 

9 3.20 

1 0 4 , J 1 

" . 2 i 0 

52.6 1 

1 34 . 62 

4 . < >i 2 

76,99 

M2.16 

1 2. 1 1 1 

iu.84 

fa 7 . / 96 

1 3.055 

29.58 

72.8 J? 

1 5. 4 /fa 

27.79 

5*. 3fa8 

1 ■» . J fa 4 

21.40 

44.599 

1 V f< , . ,*4 

1 5 . 4 0 

2fa • 2r>6 

>! / 2 1 

21,?7 

'4 0 . / 4 7 

4 . * 

20.49 

- 11 . 97 ; 

9.6/9 

2 1 , fa5 

39,164 

6 . fa 7 4 

2 7.44 

52.3 >8 

/ . 9 2 0 

4 3 . f 3 

29.714 

" .872 

45,6 7 

24.245 

38* 

31.21 

51.711 

5.65* 


TOT* ( 6 4 . 2 ? 0 fa 

F "wl TOtAl. 0 7 , 5 ? 2 fa 

faROPfctLAMT STSTt^ ANALYSIS 


T n T A t 9449,73 
TOTAI 2322.61 


PCp 

3 '/o . 6 52 

fab ( A 

faCS 

267.634 

»0p 

2.3' 6 6 31 

L R/StC 

wOS 

7,124542 

wFp 

t .0 1 6 1 /2 

LH/SFC 

wt P 

2.3HC649 

WTP 

3 ] 334603 

LH/StC 

wTS 

9 , 5 ') 3 3 6 7 

MRp 

2. /fao392 


M ft S 

2,988280 


f A 3 4 l e , / h u L 0 5 
1 0 3 M 9 6 , fa 7 9 1 h s 

f SI. 3 90 4 t t< 3,. L «4 
■'•TUT 13 . 53*19 l w / S Y 0 
1 SPSL 892,75 fa SMI. 
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tf s r « 

in* 23«1-HI»1»0C 

• \ '* t 7 

M 1 A l r ►= K< • A T CALORfMpTfrt CHAMBER 

J Oft / ft 

0 S N A Kl fc 

U T H 1 S 


pOOL An T 

ClW C UJ T 

HE ATfl.UA 

PROGRAM OA H 

l^-oO-ftS 

Tfcsf I 


p R 1 M A rt Y 

Ci’LOf LOft 

leakage 

nfiUEL Tt F 

79 . 30 . 15 


i>AfA p f u 

Iu» F5.1 

♦ 5.5> 

StCg, To 

FS1 + 0 

.01 SEC s • 


C1(?C"1T C 1 rtf'll! T f 

1 u r 1 1 1 t 

L()0l a n r F t (J* 

•HILtA 

m{ a r l ,-,au -f at el"> 

NI»mme ^ 

SurtpACt 

ft «•; 

LH/Sf C 

TfcMP 




4K M 


Ft U« 

firtlplCE 

DEG F 

HTU/SEC Hi b/.Sl-j. If .btc 


:>vj, tn 


mE f ER 





P W T M U 

y 







1 

1.675 

.<9 >4 


1 ,ftw3l 

22.7 4 

43.523 

2 0.0 14 


• 7 ft 2 

. ■ 1 5 '> 1 


.9.101 

1 H.b5 

13.30ft 

17.404 


• • f> 1 3 

* .jrt 44 


1 .3401 

15.60 

1 9 . 4 ft 3 

12.079 


1.921 

.0916 


1 . 0 1 2 1 

1 J • 0 9 

10.479 

5.«55 

s 

2«2?o 

. 1 4 S2 


2. OftB9 

1 ft. 1 6 

2ft. '5ft 

12.919 

#> 

2 . J o * 

. 1 7i5 


✓ .0*95 

15.9ft 

23,545 

4.540 

7 

2.7 JO 

.i)*»rtl 


1.-M9V 

1ft. (.9 

21.423 

7.E30 

P 

t . 451 

. 0 S 1 2 


,9y J 4 

2 1 • ft 1 

10,407 

12.144 

o A 

2.37ft 

.2(*90 

1 . 1539 

1 . 1 

29,20 

2 ft. no 

1 1.929 

1 0 

l . 14 ? J 

,.i4 79 

.7551 

.7526 

2 7 , ft ** 

1 0. 74ft 

1 1 .233 

1 1 

‘3.2«2 

,‘IS) i 

.9505 

.9510 

31.03 

29.737 

>.4ft9 

1 ;> 

2.262 

m <>a *3 


.7 37 7 

92.51 

27.01 7 

1 1 .944 

1 * 

l . n f> k t 

. /0 24 


26.f>20 

32.35 

PUh , 7 fi ^ t p # 7 <)£ 

Strorf 

■ArtY 







SPaCRh 

■ d3 f nb 

. 0695 


2.6*76 

ft. 91 

23.074 

1.027 

1 a 

23. J 1 

. U 9 op 


3.23*» fc 

2 03.7 

059.40 

26.459 

1» 

2 >*.50 

. i)9oP 


3.230ft 

1 t l . ft 




10.75 

. 0 7 0 ft 


2.5fti« 

1 (>2 . 0 

lift. 1H 

7.056 

3 A 

1 » ! 3 4 

. ’> 7 0 O 


3.503*4 

55.92 

143.3ft 

9.997 


1 l .7* 

. n5ft2 


1 . ft 0 w 1 

65.9ft 

154,77 

13.155 

'J 

5 • 1 9 3 

. iS36 


2.1960 

39.27 

75.273 

1 4.495 

s 

4.532 

. (125 

3 . *702 

2.9065 

29 , ft 1 

72.9ft l 

10.104 

A 

4.034 

. 1 o.j 1 


2 . !i7iw 

2 7.25 

57.733 

14.312 

7 


.0953 


2.2502 

24,37 

54 , 9ft(5 

14.323 

4 

3.90'' 

,u7 >7 


1 . 7 004 

15.7U 

25 • 7 ftft 

0.654 

0 

4 . i a o 



1 .9153 

20.3 7 

39,019 

9.4 | 1 

i o 

4.33 7 

. l) ft ft l 


?.u«6y 

19.25 

39,421 

9.090 

1 1 

4.oo9 

.0 399 


1 .3937 

22. ft 3 

31.520 

0 . 4 0 4 

1 ? A 

0.597 

• ‘ 1 9 t 9 

1 *9.)«9 

1.922ft 

26.99 

51.697 

7.667 

IP* 

9.95 ft 

.0910 


1.9220 

4 4,3ft 

33. “19 

4 . ft 0 4 

J <H 

7*517 

. 0 7 79 


1 .0567 

oft , h2 

27,002 

3 . 7ft 1 

1 x* 

u . 1 « o 

. 07 79 


1 .6567 

32.12 

53.221 

5 . ft 2 3 




1 Ci T 4 L 

04.2305 

T n t a 1 

2530,42 




F M y> | 

! TOTAc 

o7 .5yft3 

1 0 T 6 L 

2324.42 





prtOPf-LLAMT SYSTEM ANALYSTS 


PCP 

t'lS.iUi P 5 I A 


ofS 325.6ft7 PS1A 

FA 427ft, 2ftft 

l «S 

-^OP 

'.*05/2 1 | rt/^FL 


woS 7 # 

*413«ftV> LB/Sfc'C 

Fp 42Sw,loft 

IMS 

4F p 

lVll>9oftrt | 


w^S 2. 

o24l«4 lb/sfc 

42o7,22 0 

l «S 

wTp 

>.015400 1 (3/SFL 


wlS 1 0 

.037 o 9 LB /SEC 

■n T f 1 T 1 3.55.405 

IH/StC 

MRp 

j / 7 ft ft 9 v' 


5 2 * 

025*153 


1 S P 8 L 3tiO,03S 

SFt. 
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TfsT NO* 23bl •ROI.PC- 1 “ 7 nUAL T H H f j A T CAloRI^E'E* f H 4 8 B E. H , 0M/M 

OSN A M t ')TmIS fOOtANT Cl H C u lT H E A T E L U * PROGRAM OAlf i^.'oR-HS 

TEST Mnut I PRIMARY COLDfLOw LEAKAGE MODEL Tl^f 06 , 37 , 25 




*■* A T A pfRloO F S 1 

♦ 5,51 SECs. To 

F S 1 + 

8.01 5LC 3 . 


CIrCUIt 

circuit 1 

IrcuI t 

cqolaot flu* 

delta 

MEAT L(.)AU 

H t A f ^ L 1 IX 

NUMBER 

SURFACE 

K M 

IB/SfcC 

Tfchp 





a*fa 


FLU* OR IF ICE 

Dfc'G ^ 

rTU/Sec bTo/su. iN.jitc: 



s U . I N 


nfc Ur 




PRT*ARv 







1 


l.fa 75 

.0934 

1 • 7 0 1 V 

21.21 

31.39) 

10.7 4 1 

? 


. 762 

,0551 

.9o<J9 

19,01 

13.875 

1 9 2o9 

X 


Wbi 3 

.0*44 

1.3594 

14.38 

18,040 

1 1 . 1 84 

a 


1-921 

.0918 

i .9 1 64 

M.77 

13.948 

7.052 

* 


2.2?6 

.1432 

2. 9693 

1 b , J 9 

2 9 . y fa 3 

\ 3 _ U b 1 

b 


2. /if>B 

.1735 

2 . 9 0 6 7 

15.81 

29.431 


7 


2.739 

. 089 1 

1 . 329b 

17.61 

21 . 04(j 

/ . 7 < H 

R 


1 .3*51 

.OSI 2 

.9394 

23,29 

17,938 

1 * . ✓ f H 

oA 


2.37b 

.2099 

1.1706 1.149b 

3 1 « C 6 

31.227 

• 

1 3,400 

1 A 


1 • UP 1 

,039V 

.7521 .7525 

29,45 

19,1 9b 

1 2 . 2 0 5 

] 1 


3.242 

.05U 

.9560 .9s5tt 

31.39 

25.988 

3.992 

\? 


2.?h2 

.0443 

• 7« 1 7 

4 1,84 

29. 7c>5 

11.832 

11 


1.000 1 

.7024 

29.145 

32,49 

9 14,41 

9)4.414 

SEc^NOahv 







SPACER 

2 3 . 0 6 

.0695 

2.9t>64 

7.25 

19.334 

8 s8 

!* 


2i. 17 

. 09t>2 





1* 


20.51) 

. 09o2 


U3.6 



2« 


lo. 75 

. o7bb 

2.572c 

l 0 3 , 9 

1 22,4 1 

/ 4 1* H 

? A 


l^.ja 

.0 790 

2.5729 

5b. 34 

144,64 

1 1- . 1 u 7 

T 


11.74 

.0562 

1 . b 00S 

H « • (i 5 

1 59.05 

1 i.3b<) 

9 


3.193 

.1539 

2.2o29 

33, 1 6 

73,044 

1 # 0 t7 O 

5 


4.532 

.1125 

2.3776 2.4590 

29.39 

72,177 

1 S . 

8 


4,034 

.1081 

2 . 0 7 9 0 

27,49 

87,105 

1 <i , 1 s 0 

7 


3.8*9 

.0953 

2»2*>3o 

23.95 

83.983 

1 1 0 fo T 5 

R 


3.908 

.070 7 

1 . 7 l 27 

18.48 

J 1 ,8) 8 

« ~ 

« 116*1 

R 


4.140 

» 0 9 1 H 

1.9211 

19.81 

*7,085 

9 ! 0 fa 5 

10 


<*•33/ 

,t)6fa1 

2.0557 

18,69 

3 9 , 3 b 2 

9.843 

1 1 



.0399 

1 .3992 

21,59 

*0,184 

8 U 74 

1?A 


9,597 

.0910 

1.9lb5 1.9244 

2 6 . b 0 

51.140 

• 

/ .7 8 *1 

1 ?H 


O.QCh 

.0910 

1.9244 

45,21 

3 5,922 

3.180 

1 *9 


7.31/ 

.07 / 9 

1 .9 h 49 

49.22 

29,080 

3.570 

IT* 


9 . 1 4 0 

. 07 79 

1.9649 

31.76 

52.871 

3.785 





T 0 T A ^ 78,0582 

1 n r a 1 

2193,17 





E M M I 

TUT Ac 0 7.7293 

1 (! T A , 

2840,31 






propellant s YSTE m 

AnAl YSIS 


PCp 

*9<J, 

704 PSX A 


PCS 314.931 PSIA 


E A 4094,103 

( H S 

*0P > 

',329207 1 tt/SEC 


**0S 7,46o9 fe 5 LR/$frC 

F * 4 0 7 4.502 

i b s 

WFp 

. ,j< *7»37 i B/sEC 


*FS 2,19*952 LB'SEC 

E si. 4 ott«, 302 

* ” r 0 
1 b w 

WTp 3 

».o 7o3B3 in/SFC 


wTS 9, 665919 LB'SEC 

* T 0 T 1 3 , 3 4 2 3 0 

1 . 0 

L fa / S E C 

MRp 3 

339 7 /R 


m«S 3.395663 


ISPSL 309.1 1 7 

6 E C . 
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TABLE XXV (cont.) 


TF$T N't * 23bl«.fU»l-oC- 1 48 
OSwA^f: *» T Ml S 


ni.iAl 1 HkO * T CALORlMfcTEk CHAMBER 
f 0 0 L A N T CIRCUIT HFATF’l'JX PROGRAM 


(’AH 


J 0 H 7 H 
1 2»o9»65 


TfcsT 

Mt'Of 

I 


PRIMARY lOtoFLOR 

leakage 

model n^fc '17,43, 



OAT A ppp I (Hi F S 1 

♦ 5,51 StC$* TO 

ESI ♦ 6 

.01 SECs. 


CJpC ' 

'It 

CIRCUIT ClRCiiJl 

coolari Flo* 

delta 

HE A T L 0 A 0 ft E A T Flux 

NUmmF'O 

surf AC t 

ft W 

LB/SEC 

TE h P 





AREA 


pLOw ORIfICF. 

oeg f 

hTU/SEc BTu/sn.In.SI 



Sill. I N 


mEIER 




PP y MAW V 







1 


1.675 

.09JU 

2.0535 

29.1 2 

-J 4 , l 4 ri 

26.352 

? 


. 762 

."SSI 

i . 1 043 

15. <>9 

12.745 

16.7^5 

m 

s 


5 • 6 J 3 

. Oft 44 

1 .036 7 

17.13 

26.354 

16.339 

n 


1 .921 

.OR 16 

i ,Ro&5 

1 5.09 

19.456 

17,128 

«; 


2.2?ft 

.1"32 

3.2 a l5 

2 7.26 

49,299 

19,901 

<s 


2 . 4 h 6 

. 1 7 55 

3.5 jig 

1 7,1 5 

37,663 

1 5.3u2 

y 


2.7*6 

.1)671 

] .o^Stt 

2 4 . J 9 

ift.5ab 

13.356 

« 


1 .3*1 

. 0 S 1 * 

l . 1 5^0 

26.29 

25.915 

19.162 

o A 


2. }7ft 

.2096 

1.9569 1.5163 

29.59 

39.253 

15.112 

10 


> .491 

.N379 

.9060 » 9 1 09 

29.9 1 

2 2 , 7 b 9 

1 5.2*5 

1 1 


•i • ? a <? 

- «4 S * ^ 

1 . I o 7 5 1 • 1 6 9 1 

2 7.31 

?6.6b9 

6,403 

\? 


2.262 

,u" <3 

.6915 

30.47 

22,97ft 

9 , 9 A 7 

1 % 


1.800 1 

.7 "2“ 

39.375 

3 0 . 0 ft 

1239.4 

1239,41 

SEr'iNDa-iY 







SpaCf r 

2i,<)0 

. 1) 6 9 5 

3,2*49 

1 05,6 

341.75 

14.820 

1 A 


23.1 7 

,"0o<e 

i .7575 

9 0 « 3 tt 

159, «2 

6.898 

1 * 


2 o , 5 o 

. 0 9 ft 2 

3.9575 

9 7.1)0 

224,07 

10,930 

?*' 


16.75 

• 0 7 (>o 

3.1 36 7 

69,91 

140,25 

8.5 73 



1 « . * 4 

.0 7ft6 

3.1 3 B7 

95. ?2 

141,94 

9,896 

% 


11.74 

,o5«2 

2.2c 7 7 

b8 , 76 

1 5 i , 65 

12.937 

a 


5. 1 9.$ 

. 1 Sift 

>.0547 

2H.99 

76.953 

14.619 

s 


4.532 

. 1 1 ef ^ 

? . 665 1 2.941* 

26.6-3 
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Figure 17. Design Point Selection 
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Stainless Copper 
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Figure 20. Numbered Primary Chamber Circuits 




Figure 21. 


CroSiS Section of Circuit No 


. ?. 
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SECONDARY 



1194056-9 
Copper Platelet 






AS ASSEMBLED 


i 

AS MACHINED 


Figure 26. Primary Chamber Showing Cooling and Calorimetric Circuits 
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Figure 29. Primary Chamber -19 Assembly Components 
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Prepared For Brazing 
Copper Platelet Stack 


Figure 33. Primary Chamber -39 Assembly 
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Figure 35. Schematic Sketch of -39 Assembly 
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Figure 37. Primary Chamber -49 Assembly, Final Machine with Deviation 
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Figure 38. Primary Chamber Built-In Leak, Circuit 6 (Design Error) 
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-19 CORE ASSEMBLY 


Figure 40. Secondary Chamber Assembly Levels 
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Figure 44. Photograph of Final Contouring 
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Igniter Adapter 


Fuel Tube 


Ox Cover 


Figure 46. Assembly 
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Figure 47. Primary Injector After First Braze - Face Side 





Center: Primary injector 
Outer: Secondary injector 
These Were Photoetched and Bonded as One Set 


Figure 48. Machined Oxidizer Plaieiet Stacks 
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Body, Strongback, Fuel Manifold Split Rings 
and Oxidizer Twirler Tubes 


Figure 50. Secondary Injector - Photograph of Components 
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Figure 54. L' Spacer Rings Showing Both Forward and Aft Sides 
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Figure 55. Dual Throat Thruster Thermal Model 
(Test Plan - Mode II Operation) 
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Figure 56. Dual Throat Thruster Thermal Model 
(Test Plan - Mode I Operation) 


OX INTENS1FIER 
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Figure 57. J-1A. Dual Throat Thruster Test Facility GO 2 and Fuel Piping Layout 
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Figure 60. Instrumentation and Water Circuit Locator 
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rigure 61. Dual Throat Test Setup on J-1A Test Stand (C1183 033) 
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Figure 62. Dual Throat Test Setup on J-1A Test Stand 
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Figure 64. Dual Throat Test Setup on J-1A Test Stand (C1283 045) 



Figure 65. Dual Throat Test Setup on J-1A Test Stand (C1Z83 044) 
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OUTLET 



CIRCUITS 


Inlet Flow Rate FWIM 
Outlet Flow Rate FWOM 
Inlet Water Pressure PWIM 
Outlet Water Pressure PWOM 

(See Table XVII for additional definitions) 


Figure 66-. Calibration Flow Circuit Schematic 
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Figure 67, Dual Throat Coolant Orificing Scheme 





H 2 0 inlet 
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Figure 69a. Test 105 Start/Shutdown Sequence (1 of 2) 








FS 1 Time FS 2 
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Figure 69a. Test 105 Start/Shutdown Sequence (2 of 2) 









Figure 69b. Test 115/Start/Shutdown Sequence 







V. 


DATA ANALYSIS 


A. OBJECTIVES 

The objectives were as follows: (1) reduce and display the test 

data in the form of heat flux profiles for individual tests and heat flux 
variations with test parameters, (2) compare model predictions with the test 
data to identify inconsistencies, and (3) upgrade the model so that final 
predictions agree with the data variations. 

B. APPROACH 

1. Primary Mode II and Secondary Mode I 

Heat flux data from these operating regimes were interpreted 
in terms of turbulent pipe flow correlation coefficients. Development of a 
stream tube moded for the secondary flow was necessary to define freestream 
mass velocities and other combustion product expansion characteristics. The 
purpose of this approach was to show that conventional correlation coef- 
ficients could be applied to the dual throat concept for the primary chamber 
in Mode II and the secondary in Mode I. 

2. Primary Mode I 

Changes in heat flux relative to Mode II as a result of the 
back pressure imposed by the secondary chamber were evaluated as a function of 
chamber pressure ratio and nozzle spacing. Therefore, these data are presented 
as • Correlation coefficient ratios are actually used to account for 

differences in primary chamber operating conditions between modes. 

3. Primary Chamber Tip 

Tip heat fuxes were correlated with the primary nozzle and 
secondary annulus heat fluxes just upstream of the tip. 
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V, B, Approach (cont.) 


4. Secondary Mode II 

The purpose of the data analysis task in this operating regime 
was to define empirical parameters or correlations in the aerodynamic and 
thermal models of Task I. These parameters had been tentatively defined based 
on cold flow tests and simulation of two-dimensional finite difference boun- 
dary layer analyses. 

C. RESULTS 

1. Primary Mode II 

In Mode II testing the primary nozzle operates in a conven- 
tional manner, i.e., with very low ambient pressure relative to the chamber 
pressure. These results are considered first in order to provide a reference 
for evalution of the effects of the high back pressure imposed by Mode I 
operation. Since the main purpose of the Mode II testing was to evaluate the 
effect of bleed flow variations on the secondary throat region, a limited 
number of primary chamber operating conditions were obtained. These condi- 
tions are summarized in Table XXVI, and the measured heat flux profiles are 
included in Appendix B. In general, the heat flux data are consistent with 
the design predictions as illustrated in Figure 70 for Test 111. 

All measured heat fluxes, including circuit P9 assuming no 
base heating, have been used to define normalized correlation coefficients 
from the following pipe flow model: 

q - 0.026 C p f U C Re n "°* 2 Pr, -0 * 6 (T - T ) 
w g f e p D f f v aw w ; 
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MODE II TEST SUMMARY 
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V, C, Results (cont.) 


in which subscript f refers to property evaluation at a film temperature 
defined as 0.5 (T flw + T w ). Wall temperatures were determined by two-dimen- 
sional conduction network analyses of the coolant channels for each circuit 
using the measured heat flux as a boundary condition. Two models were con- 
sidered for the specific heat: (1) the conventional frozen specific heat from 
TRAN72 evaluated at the film temperature and (2) the reactive specific heat 
defined by 


Cp 


R 



H 

T 


w 

w 


It was found that the frozen specific heat failed to predict the mixture ratio 
trends of the Primary Mode II data, i.e., a Cg dependence on mixture ratio was 
obtained. Use of the reactive specific heat eliminated this problem, as shown 
in Figure 71 by the excellent Cg agreement between Tests 137-139 at a mixture 
ratio of 6.8 and Tests 140-142 at a mixture ratio of 3.0. Cg variation from 
test to test within a series was very small except for circuit P9. Data from 
the latter indicate a probable base heating effect since the highest Cg is 
always associated with the lowest bleed flow rate; Figure 71 includes the 
average Cg for the higher bleed flow rates. Computer printouts from the 
reactive model Cg analysis are presented in Table XXVII. 

The Cg data of Figure 71 indicate a number of anomalies in the 
spatial distributions and in the comparison between the test series before 
(111-114) and after (137-142) the repair of the primary chamber. The spatial 
distribution anomalies, such as the high values for circuit P7 on Tests 
111-114 and for circuit PI on Tests 137-139, are probably related to inade- 
quacies in the internal leakage model. Some reduction in Cg between circuits 
PI and P2 is to be expected due to flow acceleration. It is apparent from the 
two different Cg profiles that the hardware repair changed the internal leak- 
age pattern. Comparison of the data of Figure 71 with heat sink chamber data 
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PRIMARY SURFACE ANALYSIS MODE 11 TEST 111 
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V, C, Results (cont.) 


from OMS and TRANSTAR I, which utilize the same reactive heat transfer model, 
indicate generally good agreement since the bulk of the storable propellant Cg 
data are in the 0. 5-0.6 range. 

2. Primary Mode I 

In Mode I the primary nozzle operates with a very high back pres- 
sure due to its location upstream ofthe secondary throat. Therefore, it was 
anticipated that flow separation would occur in the primary nozzle as illus- 
trated in Figure 72. One purpose of the test program was to vary the ratio of 
secondary to primary chamber pressure to determine its effect on primary 
nozzle heat transfer as a result of changes in the primary flow field. This 
was accomplished for two nozzle spacings. Table XXVIII summarizes the test 
conditions, grouping the tests to indicate the parametricvariations achieved. 
The resulting heat fluxes are included in Appendix B. Mode II Tests 111-114 
were run with essentially the same primary chamber operating conditions as the 
first group of Mode I tests in Table XXVIII in hopes of obtaining a direct 
comparison of heat fluxes for the two modes of operation. However, repair of 
the primary chamber following Test 117 and the resultant shift in the internal 
leakage characteristics noted above in the discussion of Figure 131 makes such 
a direct comparison questionable since all but two of the Mode I tests were 
conducted after the repair. Therefore, heat flux comparisons are made herein 
using the reactive model correlation coefficients with three Mode II base- 
lines: Tests 111-114 for the two tests prior to the repair. Tests 137-139 for 

the post-repair tests at a mixture ratio of 3. Table XXIX gives the primary 
nozzle Cg analysis output for all tests in Table XXVIII. 

The Mode I testing resulted in significant heat flux increases 
relative to Mode II in part of the primary nozzle. Figure 73 illustrates the 
difference between operating modes by showing the profiles of Cg j/Cgj j for 
chamber pressure ratios of 0.60 and 0.74 for a nozzle spacing of 2.5 in. The 
pressure ratio of 0.74 was the highest for which steady-state operation was 
achieved with the 2.5 in. spacing. Figure 73 shows that at the lower 
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MODE I TEST SUMMARY 
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V, C, Results (cont.) 


pressure ratio heat fluxes are similar for the two operating modes except near 
the end of the nozzle, where a 60 percent Increase is observed for circuit P8 
in Mode I. As the pressure ratio increases the region of increased heat flux 
extends farther upstream and the magnitude of the perturbation near the aft 
end of the nozzle increases. At a pressure ratio of 0.74, heat flux perturba- 
tions in Mode I were observed as far upstream as circuit P5, and the heat flux 
at P8 had increased to 2.4 times the Mode II value. The high primary nozzle 
heat fluxes obtained during Mode I operation are the most significant result 
of the present contract and have serious design implications in view of the 
corner cooling problems at the tip of the primary nozzle. 

Details of the Mode I primary nozzle heat fluxes relative to 
Mode II are shown in Figures 74-77 for circuits P5-P8, respectively. Upstream 
circuit (P2-P4) heat fluxes were generally consistent with or lower than the 
corresponding Mode II values. Figures 74 and 75 include data from Test 129, 
the highest chamber pressure ratio attempted with the 2.5 in. nozzle spacing, 
even though steady state conditions were not obtained due to the outlet 
coolant temperature for circuit P5 reaching the kill value. These results are 
included to show pressure ratio trends; actual heat fluxes are slightly 
higher. The pressure ratio trends for the nozzle spacing of 2.5 in. are shown 
more clearly on Figure 78, in which the mixture ratio 7 results of Figures 
74-77 have been normalized to the low pressure ratio values (the low pressure 
ratio value for circuit P8 was assumed to be unity). Figure 78 clearly shows 
how the heat flux perturbation relative to Mode II increases with pressure 
ratio and how the point at which a perturbation is initially observed moves 
upstream. Heat fluxes greater than Mode I were observed at all pressure 
ratios tested for circuit P8. Circuit P7 Indicates a pressure ratio threshold 
between 0.49 and approximately 0.55. Circuits P6 and P5 were not affected 
until the pressure ratio exceeded 0.60 and 0.65, repectively. Figures 74-77 
indicate similar or less severe heat flux Increases for Mode I with the 1.5 
in. nozzle spacing. All tests for this spacing reached steady state 
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V, C, Results (cont.) 


conditions, and the data at the highest pressure ratio (0.83) show a less 
severe heat flux increase for Mode I than the data for a 2.5 in. spacing. 

The above results appear to be consistent with the flow separation 
and recirculation depicted in Figure 79. The gas in the secondary nozzle 
separates at E because of the extreme change in wall angle. During the tests 
chamber pressure, flowrate and mixture ratio were measured, from which the 
effective throat area of the secondary flow field could be calculated. With 
the primary nozzle in the normal position (L e = 2.5 inches) the effective 
secondary throat area was much less than the area across E-F. Therefore, the 
secondary flow choked at T. For typical test conditions, assuming the primary 
gas pressure equals the secondary gas pressure, the primary flow field is 
slightly supersonic and the area occupied by the primary exhaust at T is 
slightly greater than the throat area of the primary nozzle. For test condi- 
tions where the secondary chamber presssure was 60 to 70 percent of the pri- 
mary chamber pressure, the pressure of the secondary flow at E was much 
greater than the pressure that the primary nozzle would produce for isentropic 
flow to its exit at G. Therefore, the primary nozzle, being unable to flow 
full against the high back pressure created by the secondary nozzle, separated 
at some point S. 

The high speed streams from both nozzles along jet boundaries EW 
and SW shear against the gas in the separated region. The shearing action 
transfers momentum from the high speed jet to the essentially stagnant gas in 
the separated region, entraining some of the separated gas in the shear 
layer. Part of the gas in the shear layer turns back at W, recirculating into 
the separated region, creating a circulation pattern similar to the twin 
vortex patern shown in Figure 79 or a more complex vortex pattern. This 
recirculation model agrees with the observed heat fluxes on the primary nozzle 
wall, which increase approaching the tip as shown in Appendix B (Figure B- 
11). In Figure 79, point G at the tip of the primary chamber is a stagnation 
point. It has a much higher heat flux than would occur for Mode II operation 
with attached flow to the end of the nozzle. Moving into the primary nozzle 
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V, C, Results (cont.) 


from point G results In decreasing heat flux consistent with the establishment 
and growth of a reverse flow boundary layer in the separated region. Upstream 
of point S the heat flux is the same in both modes because the expanding gas 
is attached in both cases. 

3. Primary Chamber Tip (Mode I) 

Wake region heat fluxes were obtained directly for circuit P10 and 
were inferred for circuits P9 and Pll at the corners by correcting upstream 
heat fluxes at P8 and P12, respectively, for(pf U e ) 0 *® to obtain sidewall heat 
fluxes in order to split the measured heat load between the sidewall and wake 
region. Results are presented herein relative to the primary nozzle circuit 
P8, the center of which is 0.23 in. from the end of the nozzle. Figure 80 
shows the relative heat fluxes from circuits P10 and Pll for a nozzle spacing 
of 2.5 in. These heat flux ratios are seen to be independent of pressure 
ratio, with values of 0.80 at the center of the tip and 0.32 near the sec- 
ondary corner. Figure 81 indicates essentially no change in the latter for 
the reduced nozzle spacing of 1.5 in., whereas the heat flux at the center 
increases to 92 percent of that at P8. Figure 82 for circuit P9 near the 
primary corner with the 2.5 in. nozzle spacing shows more data scatter but no 
apparent effect of pressure ratio. The data scatter for P9 no doubt reflects 
errors in the sidewall heat flux estimate based on P8, which is not surprising 
in view of the separated flow region in the primary nozzle. In all cases but 
one, the heat flux from P9 is lower than that at the center of the tip 
(P10). Figure 81 shows an increase in the relative heat flux at P9 for the 
1.5 in. nozzle spacing. This increase is greater than that noted above for 
P10 so that at the smaller spacing the heat flux at P9 generally exceeds that 
at P10. 


The spatial distributions for the wake region heat fluxes are 
highlighted in Figure 83 for both nozzle spacings using the results for Tests 
132 and 146, which are typical of the data of Figures 80-82. Note that these 
distributions are consistent with the recirculation pattern of Figure 79, 
which would predict low heat fluxes near the secondary corner relative to the 
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V, C, Results (cont.) 


primary corner. Figure 83 includes the relative fluxes for the secondary side 
of the primary chamber from circuit P12; all such data are included in Figure 
84. Both figures clearly show the significant increase in heat flux at P12 
for the shorter nozzle spacing due to higher secondary mass velocities. The 
corresponding increases in wake heat flux at P9 and P10 are to be expected; 
the surprising result is that the wake heat flux at Pll near the secondary 
corner is unaffected. Correlations of the relative wake heat fluxes with the 
secondary heat flux near the corner (P12) are shown in Figures 85-87. These 
figures allow prediction of the wake region heat fluxes in design applications 
if the sidewall heat fluxes are known. 

4. Secondary Mode I 

Heat flux data from the secondary chamber during Mode I opera- 
tion, which are included in Appendix B, have been evaluated using the reactive 
pipe flow correlation used above for the primary nozzle in both modes. Data 
from circuit P12 on the outer surface of the primary chamber are included with 
the secondary chamber results at the axial distance on the secondary contour 
which provides the same flow area as at P12. All correlation coefficient 
analysis output is presented in Table XXX. An annular stream tube containing 
the secondary flow was used to define mass velocities and other combustion 
product expansion characteristics at the secondary chamber wall downstream of 
the physical annulus created by the primary chamber. The throat for this 
stream tube is assumed to occur at the physical throat of the secondary 
chamber, with the throat area based on one-dimensional expansion of the 
measured flow from the known chamber pressure. Stream tube area ratios down- 
stream of the throat are assumed to equal the local physical area ratio of the 
secondary nozzle. A dividing streamline is created between the end of the 
primary chamber and the secondary throat; this streamline normally consists of 
a straight line and a circular arc through the dividing radius at the 
throat. The radius of curvature for the arc is defined such that its center 
coincides with that of the wall contour radius of curvature upstream of the 
throat. This dividing streamline applied to all tests with a nozzle spacing 
of 2.5 in. In this region and in the physical annulus between chambers, flow 
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V, C, Results (cont.) 


area are calculated on a plane for which the angle between the normal to the 
plane and the chamber centerline is equal to the average of the wall angles 
where the plane intersects the walls. 

For the nozzle spacing of 1.5 in., the calculated secondary 
flow stream tube throat areas were slightly greater than the secondary flow 
area at the end of the primary chamber. These tests were originally planned 
to have the latter area slightly larger than the stream tube throat area. In 
the stream tube model the throat area was set equal to the annular flow area 
at the end of the primary chamber, with a constant flow area assumed between 
these two locations. The effect of the small flow area at the end of the 
primary chamber is clearly seen in the high heat fluxes upstream of the 
physical throat in Figures 69 to 69c for Tests 144-147. 

Average correlation coeffcients for the two secondary mixture 
ratios tested with a nozzle spacing of 2.5 in. are shown in Figure 88. A 
signf icant injector effect is observed which decays over the first 2.4 in. of 
the secondary wall (the wall starts at -6.2 in. on Figure 88). This heat flux 
perturbation is typical of swirl co-axial injector elements. Correlation 
coefficients downstream of the injector-affected region are generally con- 
sistent with the range of primary Mode II values. Figure 71, and with data 
from other programs. However, contrary to the primary Mode II results, use of 
the reactive specific heat does not result in agreement between the two mix- 
ture ratios. Erratic behavior of the correlation coefficients is noted down- 
stream of the throat, with alternating regions of low and high values. The 
high coefficients at the end of the nozzle may be due to heating of the end 
wall, but the other perturbations are presumed to be caused by the oblique 
shock wave emanating from the separation point in the primary nozzle. Note 

that the data from circuit P12 are reasonably consistent with the secondary 
chamber data. 


Average correlation coefficients from the four tests with a 
nozzle spacing of 1.5 in. are shown in Figure 89. Results are similar to 
those of Figure 88 for the 2.5 in. spacing, except the length of the injector 
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V, C, Results (cont.) 


perturbation is shorter. It may be that the high coefficients at -4.65 in. on 
Figure 88 are caused by a slight discontinuity between the one-inch L' section 
and the secondary chamber, with the injector effect decaying very rapidly as 
indicated by Figure 89. The uniform flow area assumption noted above for the 
secondary stream tube between the end of the primary chamber and the physical 
throat results in consistent correlation coefficients for three of the four 
data points in this region. The higher coefficient at circuit S5 appears to 
be qualitatively consistent with the shape of the sonic line which can be 
expected to start at the tip of the primary chamber. 

5. Secondary Mode II 

Heat flux profiles for the secondary chamber during Mode II 
operation are included in Appendix B (Figures B-l to B-10). Comparison of 
results for the three test series summarized in Table XXVI reveal 
inconsistencies which are attributed to leakage from the tip of the primary 
chamber during the second and third series. For example, heat fluxes for 
Tests 137 and 139 are lower for comparable bleed flows than Tests 111-114 even 
though the former are at higher primary chamber pressures. Therefore, the 
data analysis effort has been limited to Tests 111-114. Figures IB- 1 to 8-4 
in Appendix B show that the maximum heat flux is always at the throat even 
though the variation in bleed flow is shifting the primary plume impingement 
point. Figure 90 shows that the peak heat flux is sensitive to the bleed flow 
rate; it more than doubles when the bleed flow is reduced from 3.9 percent to 
1.4 percent. Even at the lowest bleed flow the maximum heat flux is only 
about half the Mode I flux, which exceeds 15 Btu/in^ sec for pressure ratios 
of 0.60 and higher. Figure 91 reveals that the flux profile also changes 
shape as the bleed flow changes; the relative heat fluxes immediately upstream 
(S6) and downstream (S8) of the throat are shown as a function of bleed flow 
rate. As expected, the relative downstream heat flux increases and the 
upstream flux decreases as the bleed flow increases and shifts the impingement 
point downstream. 
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V, C, Results (cont.) 


The purpose of the data analysis task for the secondary cham- 
ber in Mode II was to fit the aerodynamic and thermal models of Task I and the 
previous contract. Reference 2, to the test data, thereby confirmi ng or rede- 
fining the empirical parameters in these models. Three empirical parameters 
appear in the Aerodynamic Bleed Flow Model, Reference 2, two of which have 
previously been based on correlation of cold flow data: 

(1) The plume scaling factor is a multipier in the similarity 
parameter of the plume correlation, and has a value of 1.2 for the nozzle 
spacings tested herein based on cold flow data; 

(2) The Nash factor is used in the recompression criteria 
relating the pressure behind the plume attachment shock to the recirculation 
region pressure, and it was determined to be 0.4 based on cold flow data; 

(3) The jet spreading factor affects the thickness of the 
shear layer and is based on a correlation developed by Korst, Reference 13. 

The thermal model includes two empirical parameters; the ini- 
tial energy thickness of the boundary layer, and the entrainment fraction 
which controls the mixing rate after the shear layer becomes a wall jet down- 
stream of the impingement point. Entrainment fraction values were expected to 
be similar to those for injection of a film coolant into a supersonic flow. 
Reference 14. 


Initial comparisons of model predictions and data from Test 
111 and 113 made it clear that it would be very difficult to match the data 
using the velocity mixing function of Figure 92. Therefore, the latter was 
changed to start at the relative velocity of the streamline in the shear layer 
and increase rapidly to unity. These early studies also revealed that the 
sensitivity of the recirculation region pressure to bleed flow was much 
greater than predicted. Furthermore, it was clear that the heat flux profiles 
would be much easier to predict if the impingement point location from the 
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V, C, Results (cont.) 


aerodynamic model could be shifted upstream. Therefore, a survey of the 
effect of the Nash factor and the plume scaling factor was undertaken. It was 
determined that reducing the Nash factor to 0.2 accomplished both objec- 
tives. Figure 93 shows the predicted recirculation pressures as a function of 
bleed flow rate for the original cold flow Nash factor of 0.4 as well as the 
recommended value of 0.2. Agreement of the latter model with the measured 
pressures is seen to be very good. 

Parametric studies with the heat transfer model indicated the 
heat flux predictions were relatively insensitive to the entrainment fraction 
except near the plume attachment point. This is caused by the offsetting 
effects of increased adiabatic wall temperature and reduced heat transfer 
coefficient as the mixture ratio at the wall is increased. As a result, 
subsequent predictions were based on a typical entrainment fraction of 0.03 
from the data of Reference 14, and the initial boundary layer energy thickness 
remained as the empirical parameter with which to match measured heat 
fluxes. Figure 94 shows that reasonably good agreement with the entire nozzle 
heat flux profile is obtained for Test 113 when the initial or attachment 
point boundary layer energy thickness is adjusted such that the predicted 
throat heat flux matches the measured flux. Matching the throat heat flux was 
accomplished with an initial boundary energy layer thickness equal to only 
three percent of the shear layer energy thickness. This result is consistent 
with the Task I analysis presented in Figure 95, which found that matching the 
downstream predictions from a two-dimensional finite difference boundary layer 
program required a very small initial thickness in the current integral 
boundary layer model. 

It was planned that the initial energy thickness would be 
specified as a fraction of the shear layer energy thickness at the attachment 
point. However, Figure 90 shows that such a prescription does not give the 
correct sensitivity of the heat flux prediction to bleed flow rate. Increas- 
ing the initial boundary layer thickness to 20 percent of the shear layer 
value allows the first data point downstream of the attachment point to be 
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V, C, Results (cont.) 


During Mode I operation the primary throat is choked, but the pri- 
mary nozzle is unable to flow full against the high back pressure imposed by 
the secondary chamber. Large increases in heat flux relative to Mode II 
observed near the end of the primary nozzle are consistent with the twin 
vortex recirculation pattern of Figure 79 in the separated region, which 
includes the wake region downstream of the end of the primary chamber. As the 
secondary chamber pressure increases, the region of increased heat flux 
extends farther upstream and the perturbation at the end of the nozzle 
increases. 


Unsymmetrical heating of the tip of the primary chamber is caused 
by the flow separation in the primary nozzle and the resultant recirculation 
pattern noted above. 

Secondary chamber heat fluxes during Mode I operation can be pre- 
dicted with the secondary flow stream tube model used herein and correlation 
coefficients consistent with other applications. High heat fluxes observed 
near the swirl coaxial element injector are consistent with previous exper- 
ience. Rapid decreases and increases with axial distance of correlation 
coefficients in the secondary nozzle are probably caused by oblique shock 
waves created by the flow separation in the primary nozzle. 

Heat fluxes in the secondary throat region during Mode II operation 
are easily limited to values well below Mode I fluxes using small bleed flow 
rates, e.g., two percent of the primary flow for the geometry tested. There- 
fore, primary plume attachment is not a thermal design issue. 

Although the analytical model of Mode II can predict secondary 
nozzle heat fluxes under limited test conditions, it does not exhibit the 
correct sensitivity to bleed flow rate. Additional model development is 
required to account for velocity components normal to the wall. A Nash factor 
of 0.2 in the aerodynamic model results in very good prediction of the recir- 
culation region pressure and its sensitivity to bleed flow rate. 
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V, C, Results (cont.) 


predicted for Test 111, the highest bleed flow point on Figure 151. However, 
as shown on Figure 96, predicted heat fluxes farther downstream are too high 
as would be expected from the Task I analysis noted above. For Test 111 the 
predicted plume attachment point is downstream of the secondary throat, so the 
maximum heat flux observed is in the recirculation region. The present aero- 
dynamic model does not provide a description of the flow field in the recircu- 
lation region, so meaningful heat fluxes cannot be predicted upstream of the 
plume attachment point. 

A model prediction is now shown for lowest bleed flow on 
Figure 90 (Test 114) due to a TDE convergence failure. A solution was 
obtained for the cold flow Nash factor of 0.4, but not for the recommended 
value of 0.2. The lower Nash factor moved the plume attachment point farther 
upstream of the secondary throat and, therefore, increased the wall angle and 
forced the flow to turn through a larger angle. A large reduction in flow 
angle results in intersections of the right characteristics in a method of 
characteristics solution, and TDE has a limited capability for handling such 
intersections. 


The aerodynamic model and the use of TDE to define flow para- 
meters at the secondary wall are intended primarily for bleed flows near the 
blow-off value, so that little or no turning of the flow is required at the 
plume attachment point and any shocks are very weak. Testing on the present 
program included bleed flows well below the blow-off value. It is apparent 
that to obtain a more general model and predict the current test data that 
impingement flow effects, i.e., velocity components normal to the wall, must 
be considered both upstream and downstream of the predicted attachment point. 

D. CONCLUSIONS 

Heat fluxes during conventional operation of the primary nozzle 
(Mode II) are consistent with data from other applications. Use of an 
enthalpy-based model, rather than the product of temperature difference and a 
frozen specific heat, is required to predict the effect of mixture ratio. 
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V, D, Conclusions (cont.) 


includes the wake region downstream of the end of the primary chamber. As the 
secondary chamber pressure increases, the region of increased heat flux 
extends farther upstream and the perturbation at the end of the nozzle 
increases. 


Unsymmetrical heating of the tip of the primary chamber is caused 
by the flow separation in the primary nozzle and the resultant recirculation 
pattern noted above. 

Secondary chamber heat fluxes during Mode I operation can be pre- 
dicted with the secondary flow stream tube model used herein and correlation 
coefficients consistent with other applications. High heat fluxes observed 
near the swirl coaxial element injector are consistent with previous exper- 
ience. Rapid decreases and increases with axial distance of correlation 
coefficients in the secondary nozzle are probably caused by oblique shock 
waves created by the flow separation in the primary nozzle. 

Heat fluxes in the secondary throat region during Mode II operation 
are easily limited to values well below Mode I fluxes using small bleed flow 
rates, e.g. , two percent of the primary flow for the geometry tested. There- 
fore, primary plume attachment is not a thermal design issue. 

Although the analytical model of Mode II can predict secondary 
nozzle heat fluxes under limited test conditions, it does not exhibit the 
correct sensitivity to bleed flow rate. Additional model development is 
required to account for velocity components normal to the wall. A Nash factor 
of 0.2 in the aerodynamic model results in very good prediction of the recir- 
culation region pressure and its sensitivity to bleed flow rate. 


RPT/BB0216 


203 



Heat Flux, Btu/in. 



Axial Distance from Throat, in. 


Figure 70. Mode II Primary Nozzle Heat Fluxes 
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Figure 71. Mode II Primary Nozzle Correlation Coefficients 
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Figure 72. Mode I Flow Se 


Cg — Mode l/Cg — Mode II 



Axial Distance from Throat, in. 


Figure 73. Primary Nozzle Mode I Heat Fluxes Relative to Mode II 
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Figure 74 . Effect of Pressure Ratio on Mode I Primary Nozzle Heat Fluxes, Circuit P5 
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Figure 75. Effect of Pressure Ratio on Mode I Primary Nozzle Heat Fluxes, Circuit P6 
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Figure 76. Effect of Pressure Ratio on Mode I Primary Nozzle Heat Fluxes, Circuit P7 
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Figure 77. Effect of Pressure Ratio on Mode I Primary Nozzle Heat Fluxes, Circuit P8 
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Figure 79. Mode I Flow Separation and Recirculation Pattern 
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Figure 80 >. Mode I Primary Chamber Tip Heat Fluxes 
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Figure 81 . Mode I Primary Chamber Tip Heat Fluxes 
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Figure 82 Mode I Primary Chamber Tip Heat Fluxes 
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Figure 83. Mode I Primary Nozzle Tip Heat Flux Distribution 
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Figure 84 . Mode I Primary Chamber Outer Wall Heat Fluxes (Circuit PI 2) 
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Figure 85. Mode I Primary Chamber Tip Heat Flux Correlation With Secondary 
Heat Flux 
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Figure 86. Mode I Primary Chamber Tip Heat Flux Correlation With Secondary 
Heat Flux 
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Figure 87. Mode I Primary Chamber Tip Heat Flux Correlation With Secondary 
Heat Flux 
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Figure 88. Mode I Secondary Chamber Correlation 
Coefficients 
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Figure 89. Mode I Secondary Chamber Correlation Coefficients 




Figure 90. Effect Of Bleed Flow On Maximum Mode II Secondary Heat Flux 
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Figure 91 . Effect of Bleed Flow on Secondary Nozzle Heat Flux Profile 
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Figure 93. Effect of Bleed Flow On Recirculation Pressure 
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Figure 94. Comparison of Measured and Predicted Secondary Mode II 
Heat Flux Profiles with 2.1% Bleed Flow 
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Figure 96 • Comparison of Measured and Predicted Secondary Mode II 
Heat Flux Profiles With 3.9% Bleed Flow 
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VI. THERMAL ANALYSIS 


A. OBJECTIVES 

The thermal model was to be assessed for its capability to analyze 
the dual throat thrusters described in Table XXXI. These engines operate over 
a broad range of thrust and chamber pressure coupled with the use of both 
hydrogen and methane as coolants. 

B. APPROACH 

Maximum gas-side wall temperatures were determined from the cycle 
life/creep criteria given in Figure 97. In this figure the difference between 
the maximum gas-side temperature and the average nickel closeout temperature 
is plotted as a function of closeout temperature. For closeout temperatures 
less than 239°K (-30°F), a cycle life of 100 cycles determines the allowable 
gas-side temperature. For closeout temperatures above 239K, creep limits the 
maximum gas-side wall temperature to 811K (1000°F). The two line segment 
shown in Figure 97 are input to the computer program (SCALET), and the maximum 
gas-side wall temperature limitation automatically determines the local 
channel depth provided the resultant depth/width ratio is within the 10:1 
limit. 


Maximum allowable channel widths were initially defined by the gas-side 
wall strength criteria of Figure 98; considering cold startup (i.e., cold 
walls, no chamber pressure and coolant inlet pressure throughout the channel) 
as well as steady state operation. Channel widths were generally set at the 
maximum allowed by this structural criteria in order to maximize the flow area 
obtainable within the channel aspect ratio limit of 10:1. The throat land 
widths were set at a minimum of .030 in. for cases 1 through 6 in order to 
improve cooling capability and maximize the number of coolant channels. In 
Cases 7 and 8, the primary chamber throat diameter necessitated using smaller 
throat land widths (.020 in.) in order to provide adequate cooling for these 
chambers. In all eight cases, the coolant flow Mach number was limited to 0.3 
to minimize flow maldistribution. 
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DUAL THROAT THRUSTERS 
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VI, B, Approach (cont.) 


As shown schematically in Figure 99, three cooling circuits were used 
with each case analyzed. Circuit #1 cooled most of the primary chamber. The 
coolant inlet was located at an area ratio in the primary nozzle and the 
outlet at the primary injector. Circuit #2 began at the termination of cir- 
cuit #1 and cooled the inner annulus. Circuit #3 cooled the secondary cham- 
ber. The coolant inlet was at a nozzle area ratio 8:1 and the outlet at the 
secondary injector. The inability to cool the lip region to temperatures 
below 1000 “F and within acceptable pressure drop and Mach number limits neces- 
sitated the investigation of a combination of transpiration and regenerative 
cooling. The lip region transpiration cooling requirements were based on ATC 
platelet technology using the blockage correlation of Figure 100, developed 
from the hydrogen and helium cooling data of Reference 16. Copper platelet 
and slot dimensions were assumed to be identical to those tested in Reference 
16, with the coolant flow selected to provide a platelet surface temperature 
of 1000° F. Internal cooling effects were defined by a platelet fin model 
coupled through finite heat transfer coefficients to the coolant energy equa- 
tion. Thus, the coolant and the wall were not in equilibrium as in many 
transpiration cooling analyses. 

C. RESULTS 

Table XXXII summarizes the individual circuit pressure drops and 
the tip transpiration cooling amounts required for each case. The primary 
nozzle Cg profile used for all eight cases was derived from the hot fire test 
data (see Figure 78). Table XXXIII summarizes the values used. The following 
sections describe each case in detail. In the successful design cases the 
Mach number limit, wall strength criteria, and cycle life requirements were 
met with minimum pressure drops and selected coolant flow fractions in each 
circuit. 
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CIRCUIT PRESSURE AND TIP TRANSPIRATION SUMMARY 
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TABLE XXXIII 


PRIMARY NOZZLE Cg PROFILE 
Cg = 0.8 x F 


Location 

F 

First part of nozzle 

1.14 

About midpoint 

1.36 

2/3 - 3/4 

1.80 

Tip 

2.24 
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VI, C, Results (cont.) 


1. Case 1 


Figure 101 shows the resulting circuit pressure drop versus the 
percent of primary circuit hydrogen flow. The primary nozzle area ratio was 
1.5. The primary circuit coolant flows from area ratio 1.25 in the primary 
nozzle to the primary injector. Figure 101 shows that circuit #2 is the 
dominant pressure drop circuit, cooling the primary nozzle high heat flux 
region. 


The interface area ratio where circuit #2 stopped cooling the 
primary nozzle and where transpiration cooling took over was varied and the 
resulting transpiration cooling amounts noted in Table XXIV. As expected, the 
larger the regenerati vely cooled surface area of circuit #2, the larger its 
pressure drop. Similarly, the larger the surface area that transpiration 
cooling was used, the larger the coolant amount required. As reported in 
Table XXXII the design point pressure drop for Circuit #1 is 625 psia, 1215 
psia for Circuit #2 and 200 psia for #3. The corresponding coolant flow frac- 
tions for each circuit are 0.25, 0.25, and 0.20, respectively. 

2. Case 2 


This case had a less severe thermal environment compared to Case 1 
since its primary nozzle area ratio (e = 3.0) was larger than in Case 1. 

Figure 102 shows the resulting circuit pressure drop versus the percent of the 
hydrogen flow in the primary chamber. The primary circuit coolant flows from 
area ratio 1.60 in the primary nozzle to the primary injector. Figure 102 
shows that this circuit defines the system pressure drop. The design point 
gives 600 psia pressure drop for Circuit #1 and a 325 psia and 350 psia for 
Circuits #2 and #3, respectively. Transpiration cooling the tip requires only 
0.41 lbm/s of hydrogen. The coolant flow fractions are 0.30, 0.20, and 0.30 
for Circuits #1, #2, and #3. 
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TABLE XXXIV 


CASE 1. TRANSPIRATION NOZZLE COOLING 



Nozzle 

Nozzle 


Coolant 

Tip Coolant 

Interface 

Flow 

Flow Required 

Area Ratio 

lb/s 

lb/s 

1.25 

4.85 

6.30 

1.35 

2.74 

4.19 
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VI, C, Results (cont.) 


3. Cases 3 and 4 

In these two cases both the primary and secondary propellants were 
LOX/CH^. In both cases, it was found that there was not enough methane to 
cool both the inner annulus circuit and the secondary surface circuit. The 
interface area ratio where the primary circuit inlet and the inner annulus 
circuit inlet meet was 1.10 for Case 3 and 1.30 for Case 4. As shown in 
Figure 103, the required primary circuit pressure drop quickly grew to >3000 
psia with larger coolant flow fractions. The Case 4 results were worse since 
there was a reduction in primary chamber fuel flow. In both cases, the inner 
annulus flow required for coolant Mach number control and wall temperature 
below 1000°F was unobtainable, it is clear that cooling limitations in all 
three circuits were encountered. 

4. Case 5 


Figure 104 shows the resulting circuit pressure drop versus the 
percent of the hydrogen flow in the primary chamber. The primary circuit 
coolant flows from area ratio 1.25 in the primary nozzle to the primary injec- 
tor. Figure 104 shows that for this Case 5 geometry the inner annulus circuit 
defines the system pressure drop. The minimum pressure drop design point 
gives a 225 psia pressure drop for Circuit #1 and 860 psia and 325 psia pres- 
sure drop for Circuits #2 and #3, respectively. The coolant flow fractions are 
0.20, 0.20, ad 0.20 for Circuits #1, #2, and #3. Transpiration cooling the 
tip requires 0.84 lbm/s of hydrogen. 

5. Case 6 


Figure 105 shows the resulting pressure drop versus the fraction of 
the hydrogen flow in the primary chamber. The primary circuit coolant flows 
from area ratio 1.3 in the primary nozzle to the primary injector. Figure 105 
shows that for this geometry and available propellant flow, the secondary 
circuit defines the system pressure drop. The design point gives a 310 psia 
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VI, C, Results (cont.) 


pressure drop for circuit #1, 310 psia and 350 psia pressure drop for circuits 
#2 and #3, respectively. The coolant flow fractions are 0.15, 0.20, and 0.50 
for Circuits #1, #2, and #3. Transpiration cooling the tip requires only .32 
lbm/s of hydrogen. 

6. Cases 7 and 8 

The primary and secondary propellants for these two cases were 
LOX/LH^. In both cases it was found that there was not enough hydrogen to 
cool both the inner annulus and secondary surface. The interface area ratio 
was 1.25 for both cases. As shown in Figure 106, the pressure drop incurred 
in cooling the primary circuits for both cases was relatively small. Unfortu- 
nately, the inner annulus and secondary circuit flow required for coolant Mach 
number control and wall temperatures below 1000°F was unavailable. 

D. CONCLUSIONS 

It is possible to cool all 600 Klbf thrust designs for which 
hydrogen was available as the coolant, although transpiration cooling of the 
tip of the primary nozzle is required due to the high Mode I heat fluxes 
observed in the test program. With a low thrust split (1.5) and high primary 
chamber pressure (4000 psia), it is necessary to transpiration cool part of 
the primary nozzle as well (Case 1). Even in this case the transpiration 
cooled flow represents only 2.8 percent of the Mode II hydrogen flow, so 
performance degradation should be very small; in all other cases the 
transpiration coolant flow is well below one percent. 

It is not possible to cool the methane design or the 15 Klbf thrust 
designs at the specified chamber pressures. The poor cooling characteristics 
of methane made it impossible to control coolant Mach number and pressure 
drop. At the low thrust level there is insufficient coolant relative to the 
heat load to limit coolant bulk temperatures. 
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Figure 97. Cycle Life/Creep Wall Termperature Criteria 
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Figure 98. Zr-Cu Chamber Wall Strength Criteria 






Figure 99. Dual Throat Coolant Flow Schematic 
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Figure 100. Correlation of Transpiration Cooling Data Contract NAS3-21029 
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Figure 101. Case One LOX/LH 2 Primary, LOX/RP-1 Secondary 
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Figure 102. Case 2 LOX/LH2 (P), LOX/RP-1 (S) 
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Figure 103. Case 3 and Case 4 LOX/CH 4 Propellants 
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Figure 104. Case 5 LOX/LH 2 


psia 


Primary Nozzle Expansion Ratio e - 2.5 


"O'- ^>r^g=.— 


Hydrogen Flow Fraction 


Figure 105. Case 6 LOX/LH2 
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Figure 106. Case 7 and Case 8 LOX/LH 2 Propellants 
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VII. DISCUSSION OF RESULTS 


A. RESULTS SUMMARY 

A thermal model of the dual throat thruster was developed as an aid 
in the design analysis of future dual throat engines. The initial model was 
based on established methods for conventional chambers and on the aerodynamic 
data from cold flow dual throat tests. The model needed verification under 
hot fire conditions. 

Dual throat hardware was designed and fabricated to gather heat 
transfer (calorimetric) data. Because of the unique dual throat configuration 
and the need for calorimetric data collection, the thruster design was very 
complex. Fabrication and assembly required exact interface matching and a 
total of ten braze cycles. 

Testing of the dual throat hardware included a considerable amount 
of water flow calibration because of the interchannel leakage in the primary 
chamber. An external leakage problem that occurred on the thirteenth hot fire 
test required repairs to the hardware before testing could be resumed. 

Despite the problems, a very successful test program was accomplished, marking 
the first time a cooled dual throat thruster was hot fired. 

The dual throat hardware was tested burning gaseous oxygen and 
hydrogen at primary (inner) chamber pressures from 380 to 680 psia. Heat flux 
profiles were obtained from the calorimetric cooling channels in the inner 
nozzle, outer or secondary chamber, and the tip of the inner nozzle. 

Secondary chamber hydrogen bleed flow rates were varied during Mode II 
operation to study the efect on primary plume impingement. Heat fluxes in the 
plume impingement region near the secondary throat were of well below Mode I 
values with a bleed flow as low as 1.4 percent of the primary flow. Since the 
primary nozzle operates in a conventional manner during Mode II, heat fluxes 
were consistent with other nozzle data. 
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VII, A, Results Summary (cont.) 


The ratio of secondary/primary chamber pressures was varied from 
less than 0.5 to over 0.8 for each of two nozzle spacings during Mode I 
operation to define the effects of various back pressures on the primary 
nozzle flow and the wake region at its tip. The primary throat operated with 
choked flow in all cases. Heat fluxes near the end of the primary nozzle were 
significantly higher than for conventional nozzle operation and increased with 
pressure ratio such that a flux approximately equal to the throat heat flux 
was measured at a pressure ratio of 0.74 for the larger nozzle spacing. 
Unsymmetrical heating of the primary nozzle tip was observed, with the maximum 
heat flux for the smaller nozzle spacing approximately equal to that in the 
primary nozzle just upstream of the tip. Secondary chamber heat fluxes in 
Mode I were consistent with predictions based on a simple secondary flow 
stream tube model. 

B. CONCLUSIONS 

The fabrication of the dual throat calorimetric hardware estab- 
lished the feasibility of the assembly of dual throat chambers by conventional 
means. The problems associated with the calorimetric hardware were unique. 

The basic steps in assembly, however, would be similar for a regeneratively 
cooled dual throat chamber. The problems encountered during assembly indi- 
cated alternate procedures that will be beneficial for future builds of dual 
throat chambers. 

Conclusions from the heat transfer analysis are as follows: 

1. Heat fluxes during conventional operation of the primary 
nozzle (Mode II) are consistent with data from other applications. Use of an 
enthalpy-based model, rather than the product of temperature difference and a 
frozen specific heat, is required to predict the effect of mixture ratio. 
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VII, B, Conclusion (cont.) 


2. During Mode I operation the primary throat is choked, but the 
primary nozzle is unable to flow full against the high back pressure imposed 
by the secondary chamber. Large increases in heat flux relative to Mode II 
observed near the end of the primary nozzle are consistent with the twinvortex 
recirculation pattern in the separated region, which includes the wake region 
downstream of the end of the primary chamber. As the secondary chamber 
pressure increases, the region of increased heat flux extends farther upstream 
and the perturbation at the end of the nozzle increases. 

3. Unsymmetrical heating of the tip of the primary chamber is 
caused by the flow separation in the primary nozzle and the resultant recir- 
culation pattern noted above. 

4. Secondary chamber heat fluxes during Mode I operation can be 
predicted with the secondary flow stream tube model used herein and correla- 
tion coefficients consistent with other applications. High heat fluxes 
observed near the swirl coaxial element injector are consistent with previous 
experience. Rapid decreases and increases with axial distance of correlation 
coefficients in the secondary nozzle are probably caused by oblique shock 
waves created by the flow separation in the primary nozzle. 

5. Heat fluxes in the secondary throat region during Mode II 
operation are easily limited to values well below Mode I fluxes using small 
bleed flow rates, e.g., less than two percent of the primary flow for the 
geometry tested. Therefore, primary plume attachment is not a thermal design 
issue. 


6. The aerodynamic model of Mode II provides good prediction of 
the recirculation region pressure and its sensitivity to bleed flow. 

7. Although the analytical thermal model of Mode II can predict 
secondary nozzle heat fluxes under limited test conditions, it does not 
exhibit the correct sensitivity to bleed flow rate. 
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VII, B, Conclusions (cont.) 


Conclusions from the design studies of Task 2 are as follows: 

1. It is possible to cool the 600klbf thrust designs specified 
which have hydrogen available as the coolant, although transpiration cooling 
of at least the tip of the primary nozzle is required in all cases. 
Transpiration coolant flows are less than 2.8 percent of the primary hydrogen 
flow, resulting in a performance loss of less than 0.8 sec. 

2. It was not possible to cool the 600klbf thrust methane cases 
or the 1 5k 1 bf thrust hydrogen cases for the chamber pressures specified with 
the nozzle spacings and primary area ratios selected. However, these 
geometric parameters were optimized to minimize Mode II bleed flow 
requirements rather than chamber cooling. 

C. RECOMMENDATIONS 

Recommendations for further effort with dual throat engines are as 

follows: 


1. Additional testing is required to define the Mode I primary 
nozzle environment for prototype design: 

• Added area ratios and nozzle spacings 

• Engine effects 

• Rounded tips, streamlined tips and transpiration-cooled tips 

2. Develop an aerodynamic model of Mode I for correlatio of 
primary nozzle heat transfer data 

3. Refine the Mode II secondary analytical model 

• Account for velocity components normal to the wall 

• Develop a flow field model of the recirculation region 
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VII, B, Conclusions (cont.) 


4. Investigate low-cost methods of heat flux measurement 

5. Alternate fabrication methods (including the utilization of 
platelets) should be demonstrated. 

6. Transpiration-regenerative cooling of the critical areas of 
the dual throat chamber should be demonstrated. 

7. A system study should be conducted to optimize the engine 
cycle and determine Pc, thrust, and thrust ratio capability in the light of 
the heat transfer results and bleed flow requirements. 
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APPENDIX A 

SECONDARY MODE II THERMAL MODEL 
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Nomenclature 


1. English Letters 

Cp Specific heat 

hg Combustion product heat transfer coefficient 

he Effective fin heat transfer coefficient in lip model 

H Total enthalpy 

I Shear layer integrals in aerodynamic bleed flur model, Ref. 2 

k Thermal conductivity in the lip model; entrainment fraction 

in the secondary Mode II thermal model 

1 Length of the shear layer 

MR Mixture ratio 

qw Heat flux to the wall 

Pr Prandtl number 

r radius; r m is the radius of the mixing layer interface 

R c Radius of curvature 

Re Reynolds number 

St Stanton number 

t w Wall thickness 

t i i p Thickness of tip of primary nozzle 

T Static temperature 

T 0 Total temperture 

u Velocity; - is an effective velocity in the secondary Mode II 

thermal model 

w Flow rate; w c is the initial mixing layer flow rate and W E is 

the primary flow intrained in the mixing layer 
x Distance along the wall in the secondary Mode II thermal model 

y Coordinate normal to the shear layer 

Y Primary gas concentration in the shear layer 

2. Greek Letters 

A Boundary Layer Energy Thickness 

n Dimensionless coordinate zty/e in the shear layer, film coolant 

effectiveness in the mixing layer downstream of the shear layer 
downstream of the shear layer 
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Nomenclature (cont.) 


e Mixing layer profile shape factor 

v Viscosity 

p Dens 1 ty 

a Shear layer spreading rate parameter 

4 > Dimensionless velocity u/ue in the shear layer 


3. Subscripts 


aw Adiabatic walldd streamline in the shear layer, the streamline 

which divides the recirculating flow from that which exists 
the nozzle 

e Freestream or primary edge of the shear layer or mixing layer 

f Evaluated at the film temperature, 0.5 (T aw + T w ) 

i Initial condition for the mixing layer 

j j streamline in the shear layer; the composition on the primary 

side of this streamline is primary gas only 

p Primary 

r Recirculation region 

s Secondary 

w At the wall 
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A thermal model of the region downstream of the primary plume 
attachment point has been developed by extending the shear layer of the 
aerodynamic bleed flow model in the form of a mixing layer similar to that 
used in the ATC film cooling model of Reference 3. Heat transfer to the wall 
is based on an integral model of the thermal boundary layer. Details of these 
models shown schematically in Figure A-l, are presented below. 

A. MIXING LAYER INITIAL CONDITIONS 

Initial conditions for the mixing layer and wall boundary layer 
analyses downstream of the primary plume impingement point are defined by the 
shear layer of the aerodynamic bleed flow model. Reference 2. The initial 
mixing layer extends from the "d" streamline, which is the boundary of the 
recirculation flow, to the shear layer edge coordinate n g defined such that 
the concentration of primary gas Y g is 0.99. From the definition of Y g , 

Y (1 - O + « = 0.99 

r e e 

or 


0.99 - Y 

« e = 0.5 [1 + erf (n e ) 1 = y - -r 

in which subscript r refers to the recirculation zone. For the small values 
of Y r normally obtained n g is approximately 1.65, compared with the value of 
3.0 used in the bleed flow model. 

1. "d" Streamline Conditions 


The bleed flow model calculates the "d" streamline 
coordinate ^ and the corresponding velocity ratio 4^. All other parameters of 
interest at this location, which become the initial wall conditions for the 
mixing layer, follow from 4^ and the recirculation region parameters. Thus, 
the primary gas concentration is 

d r v d' d 


0216-AppA 


A-4 



A, Mixing Layer Initial Conditions (cont.) 


and the total enthalpy is 

H d ■ ¥ d H p + O - V "bleed 


Assuming the bleed flow is a mixture of the primary propellants, the mixture 
ratios MR r and MR d can be calculated from the primary gas concentrations using 
the defining relation 

1 Y * 1-Y 

1 + MR ' 1 + MR + 1 + MR 

P s 

which yields 


1 + MR n 

MR “ V - MR ' 1 

1 + 1 + MR $ 

Three options are included for the calculation of total temperatures. In the 
reactive option, a built-in table derived from ODE for 0 2 /H2 systems, defines 
temperature as a function of mixture ratio, enthalpy and pressure. This table 
is used to obtain both To d and the recirculation region temperature; the 
latter requires H r , which is calculated like H d above with Y r replacing Y d . A 
non-reactive, constant specific heat option utilizes the recirculation region 
temperature T r from the bleed flow model. In this case 


To 


d 


H r ( i -<d) + » d C pp To p 

Ss < U¥ d> + c pp ¥ d 


in which the recirculation enthalpy is 

H r ’ ICps (‘- Yr > + C PP Yrl T r 
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A, Mixing Layer Initial Conditions (cont.) 


The third option merely uses an input table of temperature vs mixture ratio. 
2. Mixing Layer Parameters 


A number of initial mixing layer parameters must be defined 
from the bleed flow model. The thickness of the mixing layer at the plume 
impingement point is 



n d> 


in which i is the length of the shear layer and a is the spreading rate para- 
meter. The initial flow in the mixing layer is defined as 


W 


c 


2tt r, 


w 


¥e 

J pu dy 
o 



2 it r 


p e u e * 


w 



$ dn 


Since the bleed flow W s can be expressed in the same way with the upper limit 
of integration being the "j" streamline. 


“c <»e>-MM> 

“s ' T ("J> - MV 


Although not used at present, the recirculation flow can be caluclated as 
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A, Mixing Layer Initial Conditions (cont.) 


The mixing layer model requires a concentration profile shape 
factor o relating the bulk and wall concentrations. Therefore, an initial 
valve o. must be obtained from the shear layer results. From its definition 


1 - Y 

i ' i - T. 


o. = 


in which 

/ 6 

o pu Y dy 

Y ' y a 

J e pu dy 
o 

However, a shear layer mass balance requires that 


w c s 2l1 r w J 6 pU ( 1_Y ) dy 


Therefore 


°1 1 - Y 


In order to provide a reference for the initial energy 
thickness of the wall boundary layer, the energy thickness of the shear 
layer is of interest. By definition. 


y H - H 

A = f e £_ « _B 

s i p- H_ - H . 

o e p d 


dy 


O 



1 - $ 

1 ' * d 


dy 



f e — ® (1 - $) dn 
n d ° e 
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A, Mixing Layer Initial Conditions (cont.) 


In terms of the bleed flow model 
ratio. 


A 


S 


(r/y p * 

(1 - * d ) a 


[I 


integrals and the plume boundary temperature 
( n e) “ l x (n d ) ~ h W* + l e (n d )] 


From the definition of the "j" streamline 


I, (nj» = I, (n e ) - I 3 (n e ) 


SO 


(T/T ) 1 

[I . ("J*- 1 . <M> + «3 <"d>l 


The revised aerodynamic bleed flow model computer program 
provides the following output parameters: 

Y r » T r / T 0 » W r /W s> n d , $d, n e> * e , y g , w c / w s » and A $ . Initial condition 
parameters calculated within the thermal model include H r , MR r , Y d , H d , MR d , T 


B. MIXING LAYER MODEL 

A modification of the ATC gas film cooling model. Reference 3, is 
used to represent the mixing layer and predict wall mixture ratios and adi- 
abatic wall temperatures. Yhe modification was necessary to account for the 
different initial conditions provided by the free shear layer upstream com- 
pared to the injection of pure film coolant. In this model, the film coolant 
effectiveness is defined in terms of the concentration Y of primary gas. 


and 0 
d 
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B, Mixing Layer Model (cont.) 


as a result of which the wall mixture ratio is 

i + M R p 

MR w = 1 + n (1 - Y d ) MR p - MR $ ' 1 

1 + MR $ 

The effectiveness is calculated from the entrainment flow W E into the mixing 
layer as 


in which o is a mixing layer profile shape factor, is its Initial value and 
W c is the initial flow in the mixing layer. 


Following the film cooling model approach, the shape factor © is 
determined from 


© 


© 

oo 



- 


This function and the asymptotic shape factor ©^ have been determined from 
adiabatic 2-D boundary layer analyses. Figure A-la shows the shape factor 
W E /W C from these results. The effect of Reynolds number is seen to be 
relatively small and has been neglected. An asymptotic shape factor of 0.545 
is indicated, compared with a value of 0.485 for the standard supersonic film 
cooling model (Reference 17). If the edge of the mixing layer were defined as 
Y = 0.999 instead of 0.99, the asymptotic © would be about 0.51. Thus, the 
present results are considered to be consistent with the standard film cooling 
model . 
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B, Mixing Layer Model (cont.) 


The adiabatic wall boundary layer analyses indicate the imperfect 
recovery of kinetic energy has a negligible effect on the adiabatic wall 
enthalpy. Thus the latter may be calculated directly from the primary and “d" 
streamline total enthalpies and the film coolant effectiveness, i.e., 


The entrainment mass flux into the mixing layer is defined as a 
fraction of the freestream mass velocity; therefore, 

x 

W F = J 2-it r k p u dx 
i g m e e 

in which k is the entrainment fraction and r m the radius of the mixing layer- 
freestream interface. Entrainment fractions inferred from one of the adi- 
abatic 2-0 boundary layer analyses are shown in Figure A-2; they increase with 
axial distance and appear to reach an asymptotic value of about 0.022. This 
asymptotic value is in excellent agrement with the supersonic film cooling 
data of Reference 17. However, film cooling data generally show somewhat 
higher entrainment fractions near the injection point, followed by a decay to 
the asymptotic value. It is expected that the actual interaction of the bleed 
flow shear layer with the secondary wal 1 will not yield the low initial en- 
trainment fractions of Figure A-2. 

Three options are available for obtaining adiabatic wall tempera- 
tures: a reactive model limited to 0 2 /H 2 systems, which uses a built-in table 
of temperature vs MR W , H aw and pressure; a non-reactive, constant specific 
heat model; and an input table of adiabatic wall temperature vs wall mixture 
ratio. For the non-reactive option 


T 


aw 






) 
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B, Mixing Layer Model (cont.) 


in which 


n C p<) ♦ (1 -n) C pp 


= c (1 - Y .) + C nn Y. 

P s ' O' PP O 


C. HEAT TRANSFER MODELS 

1. Primary Plume Impingement Region 

An analytical Stanton number model similar to those of 
Ambrok, Reference 15, and Mayer, Reference 18, is used to predict the wall 
heat flux downstream of the primary plume impingement point, 

q = p_ u C St (T - T ) 

H w f Pf ' aw w 7 


in which u is an effective velocity at the edge of the wall boundary layer. 
In this model 


St = C Pr -0 ’ 6 [ Je + ( 


A. Pr 0 * 6 
1.25 CA 


Re. 


l i 


1.25 -0.2 

) 1 


in which 


1 x 

Re = 1 25 ^ 

Ke A i.^o q 


1.25 p f u 


dx 


A = Vf C p f (T aw - V 
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C, Heat Transfer Models (cont.) 


and a. is the initial energy thickness of the thermal boundary layer. The 
correlation coefficient C is usually taken as the flat plate value of 
0.0296. This Stanton number model is like TBL with an interaction exponent of 
zero; however, the Blasius skin friction law and a modified Reynolds analogy 
replace the Coles skin friction law and Von Karman analogy of TBL. 

It was proposed that the effective velocity u is related to 
the mixing layer entrainment flow as follows; 

I 

-b-17 - <w 


in which is the "d" steamline velocity ratio from the bleed flow model. 
The function of entrainment flow ratio was to be developed such that the 2-D 
cold wall boundary layer analysis results are predicted. These results are 
shown in Figure 95 in the form of a Stanton number based on u e and the adi- 
abatic wall density, i.e.. 


St. = St I; • — 

1 u e "aw 


Stj increases significantly due to the increase in velocity near the wall 
resulting from the shear layer to wall boundary layer transition, then 
decreases as in a normal boundary layer. The selection of the function f 2 
(W E /W C ), a reference film temperature for property evaluation and a prescrip- 
tion for the initial energy thickness in terms of shear layer characteristics 
such that the results of Figure 95 are predicted, was required to complete the 
model. 


The best fit of the two-dimensional heat transfer results was 
obtained with an initial energy thickness of zero and an initial effective 
velocity of zero and is shown in Figure 95. A model with the initial velocity 
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C, Heat Transfer Models (cont.) 


equal to the "d" streamline value from the aerodynamic bleed flow model, as 
proposed above, along with a positive initial energy thickness did not yield 
an asymptotic region of decreasing Stanton number (See Figure 95). The pro- 
posed correlation for the effective velocity in terms of the entrainment flow 
ratio from the mixing layer model is shown in Figure 92. 

Two-dimensional boundary layer analyses were conducted for 
two initial boundary layer thicknesses. The correlation coefficient C in the 
Stanton number model was found to be strongly dependent on this thickness, 
which is equal to y e from the shear layer model. Since the spreading rate 
parameter in the shear layer model has not been empirically verified, the test 
data of Task III are required to finalize the correlation coefficient in the 
boundary layer model. 

2. Recirculation Region 

Development of a good heat transfer model for the 
recirculation region is beyond the scope of this contract, since the 
aerodynamic model does not provide a description of the flow field. 

Therefore, a very simple turbulent pipe flow model has been included in the 
computer program: 

q = p u C C Re D" 0 * 2 Pr" 0,6 (T - T ) 

M w M e e p g e v r w' 

in which the mass velocity p g u e is based on the bleed flow W $ and all proper- 
ties are evaluated at MR r and the recirculation gas temperature T r . 
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TABLE B-l 


Symbol 

PPC 

PSC 

PWIM 

PWOM 

POIJ 

PFIJ 

POPJ 

PFPJ 

POSJ 

PFSJ 

TWP-10-12 
TWP-13 
TWS-1 to 13 


DUAL THROAT THRUSTER DATA NOMENCLATURE 
Paramater 

Primary Chamber Pressure 

Secondary Chamber Pressure 

Water Inlet Manifold Pressure 

Water Outlet Manifold Pressure 

Igniter Oxygen Manifold Pressure 

Igniter Hydrogen Manifold Pressure 

Primary Injector Oxygen Manifold Pressure 

Primary Injector Hydrogen Manifold Pressure 

Secondary Injector Oxygen Manifold Pressure 

Secondary Injector Hydrogen Manifold Pressure 

Primary Chamber Calorimeter Circuit Temperature 

Primary Chamber Axial Circuit Temperature 

Secondary Chamber Calorimeter Circuit Temperature 


B-2 



HEAT FLUX, BTU/IN^-SEC HEAT FLUX, BTU/IN'-SEC 




PRIMINARY CHAMBER AXIAL DISTANCE (IN.) 

Figure B-1. Test 111 Heat Flux Profiles 
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HEAT FLUX, BTU/IN -SEC HEAT FLUX, BTU/IN -SEC 




Figure B-2. Test 112 Heat Flux Profiles 
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Figure B-10. 
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Test 142 Heat Flux Profiles 
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Figure B-ll. 
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Figure B - 1 3 . Test 125 Heat Flux Profiles 
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Figure B-16. Test 129 Heat Flux Profiles 
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Figure B-25. Test 106 Pressure Data Summary 



Test 106 Primary Chamber Temperature Data Summary 
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Figure B-27. Test 106 Secondary Chamber Temperature Data Summary 
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Figure B-28. j e st m Pressure Data Summary 
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Figure B-29. Test 111 Primary Chamber Temperature Data Summary 
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Figure B-30. Test 111 Secondary Chamber Temperature Data Summary 
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Figure B-31. Test 112 Primary Pressure Data Summary 
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Test 112 Primary Chamber Temperature Data Summary 



Figure B- 33 . jest \\2 Secondary Chamber Temperature Data Summary 
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higure B-34. jest 113 Pressure Data Summary 
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Figure B-35. Test 113 Primary Chamber Temperature Data Summary 
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Figure B 06 . Jest 113 Secondary Chamber Temperature Data Summary 





B-39 


Figure B-37. Test 114 Pressure Data Summary 




Figure B-38. j e st 114 Primary Chamber Temperature Data Summary 
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Figure B-39. Test 114 Secondary Chamber Temperature Data Summary 
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Figure B-40. Test 116 Pressure Data Summary 
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Figure B-41. Test 116 Primary Chamber Temperature Data Summary 
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Figure B-43 . Test 117 Pressure Data Summary 





Test 117 Primary Chamber Temperature Data Summary 
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Figure B-45. Test 117 Secondary Chamber Temperature Data Summary 
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Figure B-47. Test 125 Primary Chamber Temperature Data Summary 
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Figure B-43. Test 125 Secondary Chamber Temperature Data Summary 
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Figure B-49. 'Test 126 Pressure Data Summary 
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Figure B-50. Test 126 Primary Chamber Temperature Data Summary 
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Figure B-51. Test 126 Secondary Chamber Temperature Data Summary 
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Figure B-52. Test 127 Pressure Data Summary 


T 1ECH8Y8T£n? PO BOX 132M MCRRQENTO 9681? 



Figure B-53. Test 127 Primary Chamber Temperature Data Summary 
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Figure R-54 . Test 127 Secondary Chamber Temperature Data Summary 
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Figure B-5G. Test 129 Primary Chamber Temperature Data Summary 
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Figure B-58. Test 130 Pressure Data Summary 
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Figure B-60. Test 130 Secondary Chamber Temperature Data Summary 
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Figure B-6I. Test 131 Pressure Data Summary 
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Figure .B-62. Test 131 Primary Chamber Temperature Data Summary 
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!”3ure B-63. Test 131 Secondary Chamber Temperature Dat.a Summary 
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Figure B-64. Test 132 Pressure Data Summary 
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Figure B-65. Tost 132 Primary Chamber Temperature Data Summary 



Test 132 Secondary Chamber Temperature Data Summary 
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Figure B-67. Test 134 Pressure Data Summary 



Figure B - 6 8 . Test 134 Primary Chamber Temperature Data Summary 
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Figure B-69. Test 134 Secondary Chamber Temperature Data Summary 
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Figure B-70. Test 135 Pressure Data Summary 




Figure B-71. Test 135 Primary Chamber Temperature Data Summary 
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Figure B-73. Test 136 Pressure Data Summary 
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Figure B-74. Test 136 Primary Chamber Temperature Data Summary 
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Figure B-75. Test 136 Secondary Chamber Temperature Data Summary 
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Figure B- 76 . Test 137 Pressure Data Summary 
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Figure B-77. Test 137 Primary Chamber Temperature Data Summary 
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Figure B-79. Test 138 Pressure Data Summary 
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Figure B-80. Test 138 Primary Chamber Temperature Data Summary 
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Figure B-81. Test 138 Secondary Chamber Temperature Data Summary 
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Figure B-82. Test 139 Pressure Data Summary 
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Figure B-83. Test 139 Primary Chamber Temperature Data Summary 
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Figure B-84. Test 139 Secondary Chamber Temperature Data Summary 
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Figure B-85. Test 140 Pressure Data Summary 
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Figure B-86. Test 140 Primary Chamber Temperature Data Summary 




Figure B-87. Test 140 Secondary Chamber Temperature Data Summary 
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Figure B-88. Test 141 Pressure Data Summary 
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Figure B-89. Test 141 Primary Chamber Temperature Data Summary 



I 

CJ 

o 

I 


o 

CD 

1 


oo 

on 

CM 


o 


CD 

LU 


u_ a_ u_ u_ u. 


o Q o o u 

UJ LU UJ LU Ltl 

Q Q Q O Q 


Q Q Q Q Q 
m □ cr (□ u 


U_U_L_U_L_U_U_U_ 

i 3 C <2 
33=;:DOQ 


— cm r> < u: u> r- «o 


IDtniOWLDWWW 

232223^3 


QQoa o □ o o 



B-92 


Figure B-90. Test 141 Secondary Chamber Temperature Data Summary 
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Figure B-91. Test 142 Pressure Data Summary 
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Figure B-92. Test 142 Primary Chamber Temperature Data Summary 
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Figure B-93. Test 142 Secondary Chamber Temperature Data Summary 



B-96 


Figure B-94. Test 143 Pressure Data Summary 
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Figure B-95. Test Primary Chamber Temperature Data Summary 
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Figure B-96. Test 143 Secondary Chamber Temperature Data Summary 
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Figure B-97. Test 144 Pressure Data Summary 
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Figure B-98. Test 144 Primary Chamber Temperature Data Summary 
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Figure B-99. Test 144 Secondary Chamber Temperature Data Summary 



LD 

xt* 

1 

I 

L_) 

O 

I 

o 

CD 


OD 

on 

CvJ 


CO 

UJ 


a. a. 
as as 


txacbcbcrcccia: 


tz r: -} ~i ~3 

u u i — i □ m cj_ in o. 

o.to33:ooou_ 

a_a.a_a_Q_Q.a_a- 

o«<\tco*twior- 


Figure 100. Test 145 Pressure Data Summary 



Figure B-101. Test 145 Primary Chamber Temperature Data Summary 
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Figure B-102. Test 145 Secondary Chamber Temperature Data Summary 






IJLC"!! 8 !?"* ™ box ism brchrkn 



CD 
'**- 
» — i 

I 

(_) 

O 

I 

T— I 

o 

CD 

I 

T— 1 

CD 

CO 

CsJ 


O 


CD 

UJ 


L-U.Ll.U_Ll. 
o o C5 £3 Cl 

til in iii hi |j i 

o q o a a 


o — < cm m 
o> 

I I I I I 

to in tn co to 

3 3 3 3 3 


I 


t I 


o q a q a 

m □ cr o u 


U.lU.lLli.U.b.lL 

00 C 50 C 50 OO 

UJUJUJULIIUUUJ 

aooooaoo 




i t i i i i i i 

OOOOOOOQ 


^w(r)’«<-LO(or® 


B- 107 


Figure B-105. Test 146 Secondary Chamber Temperature Data Summary 
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Figure B-106. Test 147 Pressure Data Summary 
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Figure B-107. Test 147 Primary Chamber Temperature Data Summary 
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Figure B-108. Test 147 Secondary Chamber Temperature Data Summary 
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APPENDIX D 

CHAMBER COOLING CIRCUIT DESIGN 
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The chamber cooling system consisted of 27 separate circuits providing 
31 heat load measurements as summarized in Table DI. Figures 19 and 23 show 
the coolant circuits in the primary and secondary chamber, respectively. 

Twelve calorimetric circuits were provided in the primary chamber: eight in 

the throat region and nozzle, three at the tip and one on the outer surface 
just upstream of the tip. The remainder of the primary chamber was cooled 
with an axial flow circuit consisting of 72 channels on the outer wall in 
series with 36 channels on the inner wall. Thirteen calorimetric circuits 
cooled the entire secondary chamber. Five of these circuits, three at the 
injector and two at the aft end, consisted of two axial segments in series, 
with coolant bulk temperature measurements in the crossover manifolds between 
segments to provide two heat load measurements per circuit. A single circuit 
cooled the secondary spacer used on all but four tests. As shown in Table 
DI I , the cooling circuits were designed to give a maximum wall temperature of 
900°F, have a local burnout heat flux equal to twice the predicted maximum 
coolant heat flux and provide a minimum bulk temperature rise of 50°F in ea r ch 
calorimetric heat load measurement section. 

The areas of primary interest for heat flux measurement using calori- 
metric cooling channels were the primary nozzle and its tip, in order to 
observe the effects of the flow separation and wake regions associated with 
Mode 1, and the throat region and nozzle of the secondary chamber due to the 
primary plume attachment and boundary layer development in Mode II. Providing 
small measurement spans in the areas of interest dictated the distribution of 
calorimetric channels within the two chambers. 

A. PRIMARY CHAMBER 

A complex axial circuit cools much of the primary chamber design 
as shown in Figure 19. Four distinct regions are cooled in series by this 
circuit: 
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TABLE DI. COOLING SYSTEM SUMMARY 
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CIRCUIT/CHANNEL DESIGN CRITERIA 



A, Primary Chamber (cont.) 


(1) An outer cylindrical section consisting of 72 machined chan- 
nels with steel lands, 

(2) An outer convergent section, made entirely of OFHC except for 
a steel end wall, cooled by 72 round EDM holes, 

(3) An inner OFHC convergent section cooled by 36 tapered EDM 
channels and 

(4) An inner cylindrical section consisting of 36 machined chan- 
nels with copper lands but a steel closure. 

Channel dimensions for this circuit are included in Table Dill. 

Two types of calorimetric circuits cool the remainder of the 
primary chamber. Seven circuits, each consisting of two channels in parallel 
except for a single-channel circuit at the throat, cool the throat region and 
most of the nozzle; these are machined channels closed out by stainless steel 
rings or a steel sleeve (circuit no. 7). Five single-channel circuits etched 
in an OFHC platelet stack cool the tip of the primary nozzle. Channel dimen- 
sions, coolant flow rates and circuit bulk temperature rises for the calo- 
rimetric circuits are given in Table DIV. Note that the two channels of 
circuit 7 are not the same. Channel 7A was designed to be narrower and deeper 
than 7B in order to eliminate the need for a very thin closeout ring on the 
former. Nominal gas-side wall thicknesses at the axial locations of minimum 
thickness are 0.050 in. for all calorimetric circuits. Operating character- 
istics for each circuit at the design point are summarized in Table DV. 

Primary chamber operating limits are shown in Figure 0- 1 ; note the very 
limited operating region for a nozzle spacing of 1.5 in. 
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TABLE D III 


PRIMARY CHAMBER AXIAL CIRCUIT 

Inside Outside 

0 



Barrel 

EDM 

Barrel 

EDM 

No. Channels 

36 

36 

72 

72 

Wall thickness, in. 

.055 

.050 

.080 

.075 

Channel width, in. 

.0938 

.077 

.125 

.100 Dia 

Land width, in. 

.189 

.101 

.072 

.051 

Channel depth, in. 

.170 

.134 

.081 

- 

Min. velocity, ft/sec 

101 

155 

78 

99 

Wall Temperature, °F 

705 

915 

769 

722 

AT b, ° F 

24 

11 

17 

11 

Heat Flux, Btu/in z sec 
gas-side 

16.2 

32.2 

12.4 

17.0 

coolant-side 

18.1 

32.0 

17.6 

14.7 

BOSF 

2.23 

2.05 

2.04 

2.95 


TABLE DIV 


PRIMARY CHAMBER CALORIMETER CIRCUIT CHANNEL LAYOUT 



Channel 

Land 

Channel 

Cool at 


Axial 


Width 

Width 

Dept (Avg) 

Flow 

AT b 

Span 

Circuit 

in. 

in. 

in. 

Ib/sec 

°F 

in. 



.090 





1 

.0625 + .003 

.078 

.047 + .005 

1.13 

50 

.287 


.0625 + .003 

.078 





2 

.0625 + .003 


.046 

0.55 

50 

.1405 


.0625 + .003 

.078 



50 


3 

.0625 + .003 

.078 

.048 

1.13 

50 

.286 


.0625 + .003 

.088 



50 


4 

.0625 + .003 

.098 

.055 

1.26 

50 

.321 


.0625 + .003 

.108 



50 


5 

.0625 + .003 

.118 

.060 

1.35 

50 

.356 


.0625 + .003 

.118 



50 


6 

.0625 + .003 

.118 

.065 

1.35 

50 

.3645 

7A 

.052 

.125 

.087 

1.38 

49 

.3805 

7B 

.080 

.126 

.053 






.120 





8 

.080 

.080 

.053 + .003 

0.58 

54 

.180 

9 

.040 


.077 

0.63 

61 

.130 


*' 

.098 





10 

.040 

.098 

.077 

0.30 

89 

- 

11 

.040 

.080 

.077 

0.59 

73 

.130 

12 

.080 

.120 

.053 

0.45 

82 

.180 
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TABLE DV. 

PRIMARY CHAMBER CHANNEL DESIGN SUMMARY 



Heat Flux 

Wall 

Minimum 



Gas-side 

Coolant-side 

Temp. 

Velocity 

BOSF 

Channel 

Btu/irrsec 

°F 

ft/sec 

1A 

32.3 

37.6 

882 

192 

1.99 

IB, 2, 3A 

34.5 

36.7 

886 

191 

2.02 

4B 

32.5 

36.4 

897 

187 

1.99 

5A 

31.1 

35.8 

892 

184 

2.00 

6A 

28.5 

33.5 

861 

171 

1.99 

7B 

25.5 

31.5 

818 

165 

2.00 

8 

24.5 

27.7 

767 

151 

2.13 

9 

22.0 

42.6 

913 

230 

2.01 

10 

18.5 

19.4 

658 

108 

2.06 

11 

18.4 

38.9 

832 

213 

2.02 

12 

17.5 

22.0 

780 

118 

2.01 


B. SECONDARY CHAMBER 


The layout of the secondary chamber channels and coolant flow cir- 
cuits is shown in Figure 23; channel and land widths are given in Table DV1. 
Forty channels are arranged to provide 13 calorimetric circuits. Five of 
these circuits, 3 at the injector end and two at the aft end, consist of two 
heat load measurement segments in series. Therefore, a total of 18 heat load 
measurements is provided. Circuits 1 and 2 have three channels flowing in 
parallel for each segment, while all other circuits or measurement segments 
have two channels in parallel. In addition, circuit 1 has wider channels and 
circuits 1, 2 and 10-13 have wider lands. This channel layout, which provides 
the heat load measurement spans given in Table DV11, is consistent with the 
objective of providing more detailed data in the Mode II plume attachment 
region, less detail downstream and only gross data in the upstream recircula- 
tion region. 


A gas-side wall thickness of 0.060 in. was found to be consistent 
with the wall temperature and wall strength criteria in the throat region and 
was used for most of the chamber as noted in Table DV1. Wall thicknesses were 
increased to 0.075 in. for Circuit 1 in order to provide comparable wall 
strengths with the wider channels of that circuit. Following definition of 
channel depth requirements to satisfy the burnout safety factor criterion, 
wall thicknesses were adjusted in several locations in order to match channel 
outside diameters and thus minimize the number of closeout rings required. 
These special wall thicknesses are given at the bottom of Table DV1. Wall 
thicknesses for channels 1-3 were increased to provide O.D. matching with 
channel 4; the channel 3 wall is thicker because of the gas-side contour. 

Wall thicknesses for channels 29 and 30 were increased to 0.062 in. to provide 
O.D. matching between channels 19 and 30. Similarly, the walls for channels 
39 and 40 were increased to 0.0655 in. to provide O.D. matching between chan- 
nels 13 and 40. As can be seen in Figure 23, closeout rings are not required 
for channels 1-4, 10, 13, 19, 30 and 40. 
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TABLE DVI 

SECONDARY CHAMBER CHANNEL LAYOUT 


Channel 

Wall 

Channel 

Land 

Numbers 

Thickness 

Width 

Width 


in. 

in. 

in. 




.180 max 

1-5 

.075* 

.125 + .003 

.180 




.170 

6 

.075 

.125 

- 




.150 

7-12 

.060 

.09375 

.150 




.070 

13 - 32 

.060* 

.09375 

.070 

33 - 40 

.060* 

.09375 

.133 




.153 




.200 max 

Spacer 

.075 

.125 (2) 

.350 




.200 max 


♦Special 

Wall Thicknesses: 


Wall 

Channel 

Thickness 

Number 

in. 

1,2 

.0865 

3 

.093 

29,30 

.062 

39,40 

.0655 
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SECONDARY, 

CHAMBER COOLING 

CIRCUIT 

DESIGN 


Channels 


Coolant 

Flow 

AT b 

Smaller 

Channel 

Depth 

Axial 

Span 

in Parallel 

Circuit 

lb/sec 

°F 

in. 

in. 

- 

Spacer 

3.91 

75 

.150 + .005 

1.0 

1-3 

1A 

5.19 

57 

.150 

1.005 

4-6 

IB 


50 

.189 

.890 

7-9 

2B 

4.58 

50 

.203, .188 (2) 

.731 

10-12 

2A 


52 

.172 

.691 

13-14 

3B 

2.41 

50 

.095 

.3275 

15-16 

3A 


52 

.105 

.3275 

17-18 

4 

2.66 

50 

.090 

.3275 

19-20 

5 

2.64 

50 

.073, .088 

.3275 

21-22 

6 

2.43 

50 

.077 

.3275 

23-24 

7 

2.26 

50 

.085 

.3275 

25-26 

8 

2.18 

50 

.087, .074 

.3275 

27-28 

9 

2.15 

50 

.080 

.3275 

29-30 

10 

2.05 

50 

.090 

.3275 

31-32 

11 

2.15 

50 

.090 

.359 

33-34 

12A 

2.43 

53 

.121 

.4535 

35-36 

12B 


50 

.106 

.4535 

37-38 

13B 

2.29 

50 

.112 

.4535 

39-40 

13A 


56 

.092 

.540 
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B, Secondary Chamber (cont.) 


Maximum wall temperatures and other design point operting param- 
eters are summarized in Table DVIII. Wall temperatures approach the design 
criterion of 900°F only at the maximum flux location and on the heavier end 
walls, i.e., the spacers and channel 1. Circuit coolant flows and bulk tem- 
perature rises for the design operating point are given in Table DVII. All 
flows, except for the spacer, were selected to provide a 50*F bulk temperature 
rise in the single-segment circuits and In the lower heat load segment of the 
double-segment circuits. Bulk temperature rises in the other segments of the 
latter are 2-7°F higher. Circuits 2, 3 and 12 have the coolant flow through 
the higher heat flux segment first to take advantage of the greater coolant 
subcooling. In Circuits 1 and 13 the segments with the end walls are cooled 
first, since the coolant heat flux Is higher in these segments even though the 
gas-side flux is lower. The spacers were designed for a 75*F bulk temperature 
rise in order to maintain measurement accuracy if actual heat fluxes near the 
secondary injector are less than the design value. Such a design also pro- 
vides a channel O.D. close to that of chamber channels 1-4. 

Channel depths required to meet the burnout safety factor cri- 
terion are included in Table DVII. These depths are at the maximum channel 
I.D., i.e., the smallest nominal depth for each channel. Table DVII gives two 
channel depths for Circuits 2B, 5 and 8 since the channel angle changes within 
these segments. 

A machining error on channel 18 resulted in a wall thickness 0.005 
in. less than nominal and a channel which was 0.013 in. too deep. As a result 
an inlet orifice was used in circuit 4 to limit coolant pressures and maintain 
wall strength, and the nominal coolant flow rate was increased to maintain the 
design burnout safety margin. 
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TABLE DVIII 

SECONDARY CHAMBER CHANNEL DESIGN SUMMARY 


Heat Flux Wall Minimum 


Channel 

Gas-side 

Coolant-side 

Btu/in^sec 

Temp. 

°F 

Velocity 

ft/sec 

BOSF 

Spacer 

13.2 

21.8 

892 

115 

2.01 

1 

13.1 

19.8 

872 

101 

2.02 

6 

13.7 

14.2 

707 

76 

2.01 

9 

15.3 

15.6 

676 

84 

2.01 

12 

18.7 

18.3 

770 

89 

2.01 

14 

21.2 

20.0 

717 

116 

2.01 

16 

23.8 

21.0 

755 

105 

2.01 

18 

27.3 

25.8 

836 

127 

2.01 

20 

30.7 

29.8 

888 

149 

2.01 

21 

30.8 

29.9 

896 

154 

2.01 

23 

30.6 

29.6 

883 

152 

2.01 

25 

29.4 

28.3 

867 

143 

2.01 

27 

27.5 

26.1 

837 

132 

2.02 

29 

25.0 

23.0 

814 

112 

2.01 

32 

22.2 

23.0 

765 

119 

2.07 

33 

20.9 

20.7 

743 

105 

2.04 

35 

19.0 

20.8 

719 

114 

2.01 

37 

17.3 

17.9 

655 

106 

2.11 

40 

14.9 

22.7 

795 

125 

2.11 
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Figure E-1. Dual Throat Thruster Primary Injector Assembly 
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Figure E-3. Dual Throat Thruster Primary Injector Assembly 
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Figure E-5. Primary Injector Fuel Platelet Assembly 
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Figure E-7. Primary Injector Fuel Platelet Assembly 
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Figure E-9 . Primary Injector Oxidizer Platelet Assembly 
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figure E-12. Dual Throat Thruster Secondary Injector Assembly 
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Figure E-13 . Dual Throat Thruster Secondary Injector Assembly 



See View KE1 
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Figure E-14. Secondary Injector Fuel Platelet Assembly 
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Figure E-15. Secondary Injector Fuel Platelet Assembly 
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Figure E-16. Secondary Injector Fuel Platelet Assembly 
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Figure E-17. Secondary Injector Fuel Platelet Assembly 
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Figure E-20. Primary Chamber Assembly 
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Figure E-22. Primary Chamber Inner Copper Liner 
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Figure E-24. Primary Chamber Outer Copper Liner 
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Figure E-25. Primary Chamber Forward Steel Core 




See View A Q8 



Figure E- 26 . Platelet Cooling Assembly - Primary Chamber 
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Figure E-27. Platelet Cooling Assembly - Primary Chamber 
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Figure E- 28 . Platelet Cooling Assembly - Primary Chamber 
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Figure E-29. Secondary Chamber Assembly 







Figure E-31. Secondary Chamber Assembly 
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Figure E-33. Secondary Chamber Assembly 



Thermocouple 
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